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  By synthesizing gold nanostructure (AuNP) and quantum dot (QD) conjugates, we 
investigated the optical properties of this type of conjugates both experimentally and 
theoretically. Also, the potential applications of the conjugates in protein detection 
and surface-enhanced Raman scattering (SERS) were also explored.  
  We synthesized three different sizes of spherical AuNPs (SAuNPs) (11 nm, 25 nm 
and 45 nm), and then functionalized them with carboxyl groups via ligand exchange. 
The amine-functionalized QDs can be reacted with SAuNPs and form amide bond 
between them. Dark field microscopy was employed to examine the single particle 
optical properties of this SAuNP-QD conjugate. The scattering spectra of 
SAuNP-QDs shows coupled modes between exciton and plasmon. According to our 
numerical simulation using finite-difference time-domain (FDTD) method, we also 
found that the interaction between SAuNP and QD depends on the polarization of the 
excitation light. Besides, the interaction between exciton and plasmon also affects the 
emission of QD in the conjugate, which has potential application in nonlinear optics.  
  Gold nanorods (AuNRs) with aspect radio around 2.5-3 was also synthesized. A 
two-phase ligand exchange method was carried out in order to functionalize the 
surface of AuNR with carboxyl groups. Then AuNRs were linked with QD using the 
VII 
 
same procedures mentioned above. The single particle scattering spectra of 
AuNR-QD conjugates shows fascinating coupling modes depends on the position of 
QD with respect to AuNR. The exciton mode can interact with the transverse mode or 
longitudinal mode of the AuNR depending on its location at the middle or at the tip of 
the rod, respectively. When there is more than one QD attached onto one AuNR, the 
coupling modes became more complicated and interesting. Our FDTD simulation 
results show that the interaction is also highly dependent on the polarization of the 
incident light. The interaction affected the emission property of the AuNR-QD 
conjugate comparing with pure QD solutions. We believe that the plasmon induced 
electric field enhancement plays an important role in the nonlinear optical behavior of 
QDs.  
   We also synthesized popcorn-shaped gold nanoparticles (PS-AuNPs) in order to 
get higher electric field enhancement. PS-AuNPs were also functionalized with 
carboxyl group after ligand exchange. Then QDs were attached onto PS-AuNPs using 
the same chemistry mentioned above. This PS-AuNP-QD conjugate solution shows 
high fluorescence enhancement (around 190 times) compared with pure QD solution 
at the same experimental conditions. FDTD simulation shows that the fluorescence 
enhancement factors are proportional to the electric field enhancement factors when 
different excitation wavelengths are used, which is consistent with classical 
electrodynamics’ calculation results. Also, the emission wavelength of the 
PS-AuNP-QD solution shifts from pure QD solution centered at 530 nm to 625 nm. 
This big red shift can be explained the decay of exciton into plasmon modes when the 
electric field in vicinity is high enough.  
  The strong interaction between PS-AuNP and QD is very sensitive to the local 
dielectric environment. Based on this, PS-AuNP-QD conjugate is an ideal material 
for molecular detection and sensing. We further attached polyethylene glycol 
(PEG)-modified biotin on to PS-AuNP in the conjugate, which makes it a sensor for 
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avidin. During the addition of avidin, the fluorescence enhancement becomes lower, 
and the emission peak shifts back to 530 nm at certain concentration of avidin.  
Also, the high electric field enhancement due to the strong interaction between 
PS-AuNP and QD makes the conjugate a good candidate for SERS. Using 514 nm 
Argon laser as excitation, we found that the SERS enhancement factor for certain 
Raman dye can be as high as 10
8
. We also observed the binding site molecular 
vibration information of biotin and avidin using the same technique, which suggests 
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Chapter 1 Introduction 
  When a piece of metal is placed in electromagnetic field, the collective 
oscillation of free electron density is called plasmons. According to electron 
jellium model, the plasmon oscillating frequency is determined by the electron 





, where me is the effective mass of the free 
electron; n0 is the number of electrons involved in oscillation; e is the charge 
of one electron. On the other hand, when plasmon oscillations are confined at 
interfaces between metal and dielectric, it is called surface plasmons (SPs) 
which normally have lower frequency compared with bulk plasmon 
frequency
1
. For example, for an infinite planar surface, the SP frequency 
is 2Bs   . The concept of SP is proposed by Ritchie, who theoretically 
studied the energy loss of fast electron shooting through a thin metallic film in 
1957




  In the past three decades, the development of nanotechnology makes it 
possible to prepare different sizes and shapes of metallic particles. SPs can 
also be excited by shedding light on metallic nanostructures. Normally, 
electromagnetic waves can be strongly scattered and absorbed by the 
nanostructure when its frequency matches with the resonance frequency of 
SPs on the structure. By varying the size and shapes of the metallic 
nanostructures, the SP resonance can be collected in a wide range all the way 
from UV to middle infrared region. Numerous novel nanostructures and 
devices have been created and characterized recently with either lithography 
or chemical techniques. This growing interest on interactions between SPs and 





, attracting a wide spectrum of scientists including 
physicists, chemists, and even biologists.  
  One important interest for plasmonics roots from its promising applications 
covering a broad range of disciplines. For example, a lot of scientists and 
engineers from electrical and computer science are interested in using metallic 
nanowires as the next generation of interconnects in CPUs because 
conventional copper electrical interconnects have been becoming the major 
bottleneck for the IC industry
5
. Due to limitations in fabrication methods, 
thermal effects during signal transportation, copper electrical interconnects 
cannot satisfy the increasing demand for information transportation recently. 
Optical fibers are good candidate because of their high transportation speed 
and no thermal effect. However, its size is limited by diffraction; they cannot 
be made smaller than half of the light wavelength, normally hundreds of 
nanometers, which will make the devices quite bulky compared with 
traditional ICs which is usually in tens of nanometer scale. Plasmonics solve 
this problem because it can combine together high speed optics and the 
miniaturization of electronics. The problem still blocking the way is that 
nonradiative SPs are not able to couple with electromagnetic radiations
6
. So 
there are both theoretical and practical importance to study the interaction 
between SPs and electromagnetic radiations. In theoretical research, dipole 
radiation has  often been explored because it is easy to model and, most of 
times, it is the basis for many complex situations
7
. In practice, organic dyes or 
semiconductor quantum dots (QDs) are widely used material which can be 
treated as dipole radiation during their emission.  
  QDs are small semiconductor nanocrystals which have been attracting more 
and more attention since two or three decades ago. Optical excitations in QD 
are defined by the electronic levels in the conduction and valence bands. As a 
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result of quantum confinement, the electronic levels are discrete in one or 
more dimensions and can be tuned by size and shapes. The fundamental 
optical excitations are transitions between these discrete levels in the 
conduction and valence bands that lead to the formation of bound 
electron-hole pairs or excitons. Interactions between excitons and SPs occur 
when metal and QD are in close proximity. Usually this interaction can be 
divided into two opposite cases: weak and strong coupling. In the weak 
coupling regime, wave functions and electromagnetic modes of excitons and 
plasmons are considered unperturbed and exciton-plasmon interactions are 
often described by the coupling of the exciton dipole with the electromagnetic 
field of the SP. In one of Drexhagen’s paper, this model was employed to 
study the change of excitation decay rate of an emission dipole in the vicinity 
of a plane metal surface
8
. In general, well-known phenomena including 
enhanced absorption cross section, increased radiative rates, and the 
exciton-plasmon energy transfer are described in the weak coupling regime. In 
most published papers in this area, the calculation of electric field based on 
finite-difference method or modelling the emitter as dipole source is still 
widely used
9
. The change remains to properly calculate the electromagnetic 
field in the proximity of metal nanoparticles of irregular shape and to take into 
account exciton wave function beyond the point dipole approximation. The 
strong coupling regime is considered when resonant exciton-plasmon 
interactions modify exciton wave function and SP modes and lead to changes 
of exciton and SP resonance energies that are larger than their natural line 
widths. In this regime, the excitation energy is shared and oscillates between 
the plasmonic and excitonic systems (Rabi oscillation)
10
, and a typical 
anticrossing and splitting of energy levels at the resonance frequency is 
observed. In Chapter 2 and 3, different shapes of AuNPs are used to study the 
interaction between SP and excitons in this research. Also, one thing in strong 
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coupling regime deserving special attention is the decay of exciton into guided 
SP modes. This coupling, also called Purcell effect, is normally caused by the 
geometrical effect and the local electric field enhancement. This guided 
transportation of photon has great potential application in next generation IC 
devices. In Chapter 3, we presented the decay of exciton into the SP modes 
supported by PS-AuNP.  
  In addition, chemists found plasmonics interesting because of its prosperous 
application in sensing. As plasmons are resonating with the incoming 
electromagnetic field, the localized charges on the metal surface will 
dramatically enhance the electric field nearby. The electric field can be 
amplified more than 100-1000 –fold in some cases, which renders them an 
efficient platform for surface-enhanced spectroscopies, such as 
surface-enhanced Raman scattering (SERS) and surface-enhanced 
fluorescence
9a, 11
. Raman scattering occurs during inelastic collision of 
photons with molecules. During this scattering process, photon can gain or 
loss energy to the molecule they collide, which produce a change in the 
frequency. The frequency shift of the incident photons is related to the 
characteristic molecular vibrations. Therefore, several different Raman lines 
are generated during the scattering, which provides a vibrational “fingerprints” 
of a molecule. Using Raman scattering to detect molecules and molecular 
interactions especially for biomolecule has two outstanding advantages: First, 
there is no need to tag the target molecules like currently used fluorescence 
method; second, the fingerprint spectrum obtained by Raman scattering can 
give us rich molecular structure information. For some biomolecules like 
proteins, the functions are highly dependent on their conformational changes. 
Therefore, Raman scattering provides an ideal method for monitoring the 
protein conformation dynamic in cellular systems. However, Raman scattering 
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. So, the intensity of Raman 
scattering signals must be enhanced in order to have practical applications. In 
1977, surface enhanced Raman scattering (SERS) was first discovered by Van 
Duyne and Jeanmaire. In the past few decades, SERS has become a hot 
research area. The sensitivity of SERS has been proven for research at single 
molecule level. It has been widely accepted that the SERS phenomenon is 
caused by two different effects. First of all, the electromagnetic field 
enhancement caused by metallic structures plays the dominant role. According 
to Kneipp’s work9b, the power of SERS can be expressed as follows:  





    (1) 
where N is the number of the molecules involved in this process; IL is the 
intensity of the incident light; A(υl)and A(υs) express the local enhancement 
factors for the laser and for the Raman scattered field, respectively; σads
R 
is the 
Raman cross-section of the molecules. In low frequency region, A(υl) and 
A(υs) can be taken as the same. So, PSERS is proportional to the fourth power of 
the field enhancement factor. The other effect is called chemical or electronic 
enhancement that is associated with electronic coupling between molecules 
and nearby metal. In this research, we found that the PS-AuNP-QD had 
outstanding SERS properties, and the details will be presented in Chapter 5.  
  Besides, localized surface plasmon resonance (LSPR) is another way 
utilizing plasmons for sensing purpose. The optical property of noble metals 
nanoparticles is highly sensitive to its local dielectric environment. By 
monitoring the LSPR shift of the optical spectrum, the presence of the targeted 
molecules can be detected. However, this method has some serious drawbacks. 
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First of all, metallic nanoparticles tend to absorb small molecules, making 
most LSPR sensor poor at selectivity. In order to solve this problem, the 
surface of metallic nanoparticles must be well protected by some inert layers, 
which at the same time reduces the sensitivity of the sensor. Secondly, the 
shift in LSPR spectrum is usually small when something absorbed onto the 
surface of metallic nanoparticles. As such, the detection limit of LSPR sensor 
is not as good as other sensors. In this research, we modified LSPR sensor into 
AuNP-QD conjugate based sensor. The interaction between plasmon and 
exciton is sensitive to not only the local dielectric environment, but also the 
gap size between AuNP and QDs. We will present this conjugate-based 
protein sensor in Chapter 4.  
  The field of plasmonics received another boost from the theoretical 
investigation. Rapid growth of computational power enables researchers to 
fully simulate the electromagnetic fields generated by plasmonic effect. 
Numerical algorithms like Finite-Difference Time-Domain (FDTD), Finite 
Element Method (FEM), etc. solve the Maxwell equations with brute force by 
discretizing the space and time,  allowing for accurate modeling of 
nanostructures with almost any complexity. The advancements in numerical 
simulations benefit experimentalists for testing and optimizing nanodevices 
before actual synthesis or fabrication. In this research, we also use FDTD 
method to calculate the electric field distributions at different modes in the 
conjugate system.  
  The thesis will be organized as follows: In  Chapter 3, we present all the 
methodologiesused for synthesizing the conjugates composed of gold 
nanostructures and QDs, including SAuNP-QD (spherical AuNPs and QD), 
AuNR-QD (gold nanorod and QD), and PS-AuNP-QD (popcorn-shaped 
AuNP and QD). In Chapter 4, we present the results for the optical property of 
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conjugates including single particle dark field scattering studies and 
steady-state photoluminescence studies. The physical model and FDTD 
simulation results are also shownin order to explain our experimental results. 
Especially in the second section of Chapter 4, we use electrodynamics to study 
the emission wavelength shift of the PS-AuNP-QD system. In Chapter 5, we 
developed the PS-AuNP-QD system into a protein sensor. In Chapter 6, we 
study the SERS property of the PS-AuNP-QD system and its application in 
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Chapter 2 Literature Review 
2.1 Plasmon-enhanced luminescence near noble metal nanostructures 
  During the last decade, there has been a strong revival in experimental 
efforts to control spontaneous emission dynamics by metal nanostructures
1-5
. 
In particular, the recent advances in nano-optics, which allow for experiments 
on single molecules interacting with well-defined metal nanostructures, often 
referred to as nanoantennas
3-5
, serve as a strong impetus for this development. 
These single molecule experiments, which focus on the resonant coupling of 
emitters with plasmon modes, have led to the observation of 
photoluminescence enhancement and quenching depending on the distance 
between emitter and metal
4
, with concomitant changes in excited state 
lifetime
3,5
. The proximity of a quantum emitter to a metal structure results in 
energy transfer to density fluctuations of the free electron gas. The associated 
currents generate radiation fields outside the structure and Ohmic losses inside. 
Depending on the relative weight of the two effects, the radiation intensity of 
the coupled system is either enhanced or decreased.  
  Many studies of fluorescence emitter and NP were conducted with organic 
dyes as the emitter
6,7
. The ease of attaching these molecules to metal surfaces, 
by direct bonding or through an intermediate ligand, has attracted considerable 
interest in this system
8,9
. Anger et al. reported an experimental and theoretical 
study of the fluorescence decay rate of a single molecule as a function of its 
distance to a laser-irradiated gold nanoparticle
2
. According to their report, the 
local field enhancement leads to an increased excitation rate, whereas 
nonradiative energy transfer to the particle leads to a decrease in quantum 
yield (quenching). By varying the distance between molecule and particle, 
they showed the first experimental measurement demonstrating a continuous 
transition from fluorescence enhancement to fluorescence quenching. This 
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transition cannot be explained by treating the particle as a polarizable sphere 
in the dipole approximation. Zhang et al. showed the fluorescence 
enhancement of an organic dye molecule (Cy5) located on one silver 
nanoparticle or between two silver particles
10
. The silver particles with a 20 
nm diameter were chemically bound with single-stranded oligonucleotides. 
The dimers were formed by hybridization with double-length single stranded 
oligonucleotides that contained single Cy5 molecules. The image analysis 
revealed that the single-molecule fluorescence was enhanced 7-fold on the 
metal monomer and 13-fold on the metal dimer relative to the free 
Cy5-labeled oligonucleotide in the absence of metal. The lifetimes were 
shortened on the silver monomers and further shortened on the silver dimers, 
demonstrating the near-field interaction mechanism of fluorophore with the 
metal substrate. However, organic dyeshave a characteristic of a considerable 
overlap between the absorption and emission spectra, and therefore it is 
difficult to isolate the changes due to absorption enhancement from those 
related emission changes.  
  Semiconductor quantum dots (QDs) show several advantages in this context. 
Their absorption spectrum extends over a broad range, so it is easy to overlap 
it with the plasmon spectrum of metal NPs. Also, the Stoke shift (wavelength 
gap between emitter’s absorption and emission) is normally larger than 20 nm, 
which makes it easy to separate the effect from absorption enhancement to 
emission spectrum change.  
  Farahani et al. reported on the interaction of an optical antenna with single 
quantum dot (QD) and the resulting modification of their radiative properties
4
. 
To this end, they studied the photoluminescence (PL) of single semiconductor 
nanocrystal QD (NC) positioned at a variable distance from a miniaturized 
bowtie antenna. Specifically, a dominance of radiation enhancement over 
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nonradiative losses was found when the antenna is centered above the NC and 
illuminated appropriately. The results open new perspectives for the 
advancement of high-resolution microscopy and spectroscopy, sensing, and 
quantum information technology. However, the optical antenna requires 
complicated preparation procedures and roughness of the metallic structures, 
which cannot be controlled very well, hence affecting the optical 
modifications of the QD.  
On the other hand, Cohen-Hoshen et al. published a method to construct 
QD-AuNP complexes based on the self-assembly of AuNPs and CdSe/ZnS 
QDs
11
. The QD-AuNP distance in these complexes is controlled by an 
intermediate DNA molecule with a varying number of basepairs. This method 
allowed them to form complexes with relatively good control of the 
composition and structure that can be used for a detailed study of the 
QD-AuNP coupling. They determined the plasmonic effect on the QDs 
absorption and separated it from the changes in the emission. They find that 
when the incident polarization is changed from being aligned with to being 
perpendicular to the QD-NP axis, the QD absorption may change dramatically 
by nearly 2 orders of magnitude in AuNP-QD-AuNP structures, thus offering 
an effective tool for controlling the emission of these objects. However, this 
research did not show any single complex particle study, which is the most 
important in unraveling the mechanism of plasmon-exciton interaction.  
Ratchford et al. positioned a single AuNP near a CdSe/ZnS QD to construct 
a hybrid nanostructure with variable geometry using atomic force microscopy 
nanomanipulation
12
. As the geometry of the structure is varied, coupling 
between the two changes accordingly. Both radiative and nonradiative decay 
rates of the QD increase near the AuNP. In some cases, the nonradative energy 
transfer between the QD and AuNP dominates and leads to a complete 
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disappearance of luminescence blinking. Two directly measured parameters, 
the total decay rate enhancement and PL intensity enhancement (maximum 
factor of 70), both sensitively depend on the size of the Au NP and the QD-NP 
separation. The correlation between these two parameters for all assembled 
hybrid structures agrees very well with simple analytical calculations. These 
experiments present a new level of control in PL dynamic studies in individual 
hybrid structures. Howver, this experiment needs expensive equipment and 
sophisticated techniques, making it difficult to apply the material in practical 
applications.  
Ma et al. reported the preparation of multi-shell CdSe nanocrystals 
self-assembled film of AuNPs
13
. The distance between CdSe and AuNP was 
controlled by the silica layer thickness coated on CdSe nanocrystal. These 
NCs showed increased fluorescence intensity (about 7 times), a decreased 
fluorescence lifetime, strong blinking suppression, and fluorescence from gray 
states. These observations can be explained by the metal particle induced 
change of excitation and recombination rates. Since the silica coating is not 
well controlled to be less than 10 nm, the distance in this research is large 
(around 30 nm). According to literature (ref?), strong interactions between 
exciton and plasmon normally happen for separation distance less than 10 nm.  
2.2 Biosensing with plasmonic nanosensors.  
  Due to the sensitivity of localized surface plasmon resonance (LSPR) 
supported by noble metal nanoparticles to the local environment change, 
biosensors based on metal nanoparticles have been developed very fast since 
about two decades ago. In addition to serving as brightly colored spatial labels 
in immunoassays and cellular imaging, plasmonic nanoparticles also act as 
transducers that convert small changes in the local refractive index into 
spectral change. However, LSPR-based biosensors suffer from several 
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disadvantages, which limit their practical application. First of all, the 
sensitivity of sensors based on LSPR shift is not very high since the LSPR 
shift normally is only several nanometers, which needs expensive equipment 
to detect. In addition, the selectivity of LSPR-based sensors is also poor due to 
the absorption of other materials besides the analyte. In order to prevent this 
from happening, antifouling polymers such as poly ethylene glycol (PEG) are 
chemically bonded onto the surface of metal particles and certain recognizing 
linkers for analytes are also attached. However, such surface modification will 
inevitably affect the sensitivity of the sensor. Last but not least, the range of 
LSPR-based sensor normally is not very long due to limited adsorption sites 
on metal nanoparticles. In order to overcome these limitations, the 
combination of plasmonic materials with other materials like quantum emitters 
were developed, e.g., metal nanoparticle-organic dye system, and metal 
nanoparticle-QD systems. Basically, these complex systems are based on one 
mechanism: fluorescence resonance energy transfer (FRET). The interactions 
between plasmon and excitons lead to the energy flow between plasmonic 
material and quantum emitters. Similar to LSPR, this interaction is also 
sensitive to local dielectric environment change.  
  Li et al. reported an enhanced FRET sensing system using silver 
nanoparticle and two types of organic dyes
14
. Fluorophore-functionalized 
aptamers and quencher-carrying strands hybridized in duplex are coupled with 
streptavidin (SA)-functionalized nanoparticles to form an AgNP-enhanced 
FRET sensor. The resulting sensor shows lower background fluorescence 
intensity in the duplex state due to the FRET effect between fluorophores and 
quenchers. Upon the addition of Human platelet-derived growth factor-BB 
(PDGF-BB) the quencher-carrying strands (BHQ-2) of the duplex are 
displaced leading to the disruption of the FRET effect. As a result, the 
fluorescent intensity of the fluorophore−aptamer within the proximity of the 
14 
 
AgNP is increased. When compared to bare FRET sensors, the AgNP-based 
FRET sensor showed a remarkable increase in fluorescence intensity, target 
specificity, and sensitivity. Results also show versatility of the AgNP in the 
enhancement of sensitivity and selectivity of the FRET sensor. The detection 
limit of this kind of sensor can reach as low as 0.8 ng/mL. Since the surface of 
silver nanoparticles is not protected by coating layers, this sensor may suffer 
from poor selectivity. The random absorption of the particles may affect the 
sensitivity.  
  Chen et al. reported, for the first time, the measurement of distance between 
binding sites on a living cell membrane based on plasmon-exciton energy 
transfer
15
. The distance between the aptamer and antibody binding sites in the 
membrane protein PTK7 was obtained from the surface of leukemia T-cells 
(CEM) in the natural physiological environment as 13.4±y1.4 nm, with an 
error within 10%. In this research, they used aptamer-AuNP conjugate to 
occupy one binding site and use an organic dye molecule to occupy the other 
binding site. By varying the size of the ligand, they can bring the dye to the 
proximity of AuNP.  
  Ray et al. reported the gold nanoparticle based FRET assay to monitor the 
cleavage of DNA by nucleases
16
. Fluorescence signal enhancement is 
observed by a factor of 120 after the cleavage reaction in the presence of S1 
nuclease. This method has several advantages: (i) it is several orders of 
magnitude more sensitive than the usual gel electrophoresis or HPLC 
technique and a few orders of magnitude more sensitive than UV assay; (ii) 
one can use this technique for multiple target DNA damage detection, and (iii) 
it is much faster and easier to detect.  
  Li et al. developed one fluorescence sensor based on QD/DNA/AuNP for 
detection of mercury ions
17
. DNA hybridization occurs when Hg(II) ions are 
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present in the aqueous solution containing the DNA-conjugated quantum dots 
(QDs) and Au nanoparticles. As a result, the QDs and the Au nanoparticles are 
brought into the close proximity, which enables the nanometal surface energy 
transfer (NSET) from the QDs to the Au nanoparticles, quenching the 
fluorescence emission of the QDs. This nanosensor exhibits a limit of 
detection of 0.4 and 1.2 ppb toward Hg(II) in the buffer solution and in the 
river water, respectively. The sensor also shows high selectivity toward the 
Hg(II) ions.  
  Lowe et al. reported the detection of protease and kinase enzyme activity 
via FRET effect between QDs and AuNPs
18
. Enzyme activity is reported via 
binding of either gold nanoparticle-peptide conjugates or FRET acceptor 
dye-labeled antibodies, which mediate changes in quantum dot emission 
spectra. Using the quantum dot-based assay described herein, they were able 
to detect the protease activity of urokinase-type plasminogen activator at 
concentration ≥50 ng/mL and the kinase activity of human epidermal growth 
factor receptor 2 at concentration ≥7.5 nM, levels that are clinically relevant 
for determination of breast cancer prognosis.  
2.3 Surface-enhanced Raman Scattering (SERS) based on plasmonic 
materials 
  In 1977, surface enhanced Raman scattering (SERS) was first discovered by 
Van Duyne and Jeanmaire
19,20
. In the past few decades, SERS has become a 
hot research area. The sensitivity of SERS has been proven for investigation at 
single molecule level
21
. It has been widely accepted that the SERS 
phenomenon is caused by two different effects
22
.  The first and dominant 
effect is the electromagnetic field enhancement caused by metallic structures. 
The second effect is chemical or electronic enhancement associated with 
electronic coupling between molecules and nearby metal. For the first effect, 
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both the excitation and emitted light couple with surface plasmon modes of the 
SERS substrate, leading to enhanced EM fields at the substrate surface and, in 
turn, enhanced Raman scattering in the far field. The extent to which the EM 
fields are enhanced depends strongly on the structure of the underlying SERS 
substrate. The regions producing the highest EM field enhancement are 
referred to as SERS “hot spots.” Although hot spots are believed to comprise a 
small fraction of the overall surface area of the SERS substrate, molecules 
located in the hot spot contribute to the bulk of the measured SERS signal. 
Thus, characterizing SERS hot spots is of critical importance for optimizing 
and understanding SERS substrates.  
  For SERS substrates based on roughened metal films, it is challenging to 
determine the exact structural features of the hot spots due to the inherent 
heterogeneity of the films. On the other hand, nanoparticle-based substrates 
have more clearly defined structures, which allow the features of generating 
the strongest EM field enhancement to be interrogated. Theoretical 
calculations indicate that junctions between adjacent nanoparticles in 
aggregated structures produce the highest EM field enhancement, leading to 
the widely accepted belief that these nanogaps act as SERS hot spots and 
enable SERS spectroscopy down to the level of individual molecules
23,24
.  
  Michaels et al. studied the relationship between local electromagnetic field 
enhancement and the large SERS enhancement that enables the observation of 
single molecule Raman spectra
25
. Their equipment combines the techniques of 
dark-field optical microscopy for resonance Rayleigh measurements, and 
grazing incident Raman spectroscopy. They found that a few nanocrystals 
show huge single molecule R6G SERS intensities. While all SERS active 
particles have some resonant Rayleigh scattering at the 514.5 nm laser 
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wavelength, there is no correlation between the resonant Rayleigh spectra and 
the SERS intensity.  
  Xu et al. demonstrated that the detection of molecular vibrations in single 
hemoglobin protein molecules attached to isolated and immobilized silver 
nanoaprticles
26
. They speculated that the single hemoglobin protein SERS is 
possible only for molecules situated between silver nanoparticles. Shuming et 
al. reported the capability of probing single molecule and single nanoparticle 
by SERS
27
. They demonstrated that for single rhodamine 6G molecules 
adsorbed on the selected nanoparticles, the intrinsic Raman enhancement 




, much larger than the 
ensemble-averaged values derived from conventional measurements. This 
enormous enhancement leads to vibrational Raman signals that are more 
intense and more stable than single-molecule fluorescence.  
  A similar drawback in the aforementioned articles has to do with the SERS 
substrate used. In most published papers, rough metallic films or aggregated 
metallic nanoparticles were employed in order to achieve the high Raman 
enhancement factor. However, neither the metallic films nor aggregated 
metallic nanoparticle can practically be used in cellular systems for protein or 
protein conformation detection. Smaller or single particle SERS substrates are 
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Chapter 3 Material Synthesis and Characterization 
 
3.1. Introduction 
  There has been a substantial body of research on the preparation, 
characterization, and application of metal nanoparticles. This has gained great 
momentum due to the emerging field of Plasmonics. Synthesis of metal 
nanoparticles is gradually shifting from spherical or simple monolithic entities 
to increasingly complex-shaped, anisotropic, and branched particles
1
. For 
example, gold nanorods (AuNRs) exhibit two SP modes, transverse and 
longitudinal modes, both of which correspond to the oscillation of free 
electrons
2
. The only difference lies in the direction of oscillations. Transverse 
mode corresponds to the oscillation along the short axis of the rod while 
longitudinal mode corresponds to the oscillation of free electrons along the 
long axis. Hence, the transverse mode wavelength is normally unaffected by 
changes in aspect ratio, while the longitudinal peak red-shifts when the aspect 
ratio of AuNR increases. Additionally, AuNRs scatter light strongly and this 
allows for application in the optical microscopic imaging of cancer cells
3
. Its 
absorption in the near –infrared region can cause hypothermal effect which 
allows for utilization as therapeutic purposes.  
Creation of different complex nanoforms allows one to generate new 
shape-dependent properties from a given volume of material and appears to be 
an effective strategy for tuning the optical properties of plasmonic metal 
nanoaprticles. Plasmonic metal nanoparticles are potential candidates for a 
variety of applications such as SERS substrates, sensors, biological labels, 
near field optical microscopy sources, and so forth
4,5
. Dispersed gold or silver 
nanoparticles exhibit brilliant colors, which result from intense light 
absorption and scattering by small particles due to the collective oscillation of 
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the conductive electrons of the particles upon the photo excitation (localized 
surface plasmon resonance LSPR). When a metal nanoparticle is excited at its 
resonance wavelength, in addition to the absorption and scattering of the 
incident radiation, a local electric field enhancement occurs. The local field on 
the metal surface increases to the maximum when the wavelength of the 
incident light coincides with the LSPR frequency of the nanoaprticle. 
Furthermore, the maximum electric enhancement factor is higher for metal 
nanoaprticles with low symmetry
6
. Therefore, the local electric field, which 
determines the signals of plasmon-enhanced spectroscopy, such as SERS
7
, 
fluorescence, and so forth, also depends on the size and shape of metal 
nanoaprticles. It is well-known the fluorescence of dye molecules can be 
enhanced when the molecules are placed in the vicinity of metal nanoaprticles. 
This phenomenon is partly attributed to the electromagnetic enhancement of 
the optical field at sharp edges of plasmonic metal nanoaprticles
8
. Thus, gold 
nanoparticles of complex shapes can focus light at nanometer length scale and 
are suitable for applications that require subwavelength resolution and 
amplification of light.  
  The attraction of combining metal and semiconductor nanostructures stems 
from their complementary optical properties, which are long-lived excitons in 
semiconductor nanostructures and localized electromagnetic modes (SPs) in 
metal nanostructures. The former give rise to high emission yields and 
light-harvesting capabilities, while the latter enable the concentration of 
electromagnetic energy and enhance optical fields and nonlinearities. 
Therefore, the combination of the two material systems can provide attractive 
properties and  leand to new phenomena that are based on exciton-plasmon 
interactions
9
. Besides a fundamental interest in the properties of 
exciton-plasmon interactions, metal-semiconductor nanostructures have also 
attracted attention for their potential application including optical sensing, 
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light emitters, photovoltaic systems, and quantum information and 
communications.  
  Generally speaking, there are two main fabrication procedures for 
semiconductor-metal nanostructures: coating and colloidal chemistry
10,11
. No 
matter which method, metal and semiconductor nanostructures are first 
fabricated and then combined using different techniques. For coating method, 
the prepared metal nanoparticle solution was coated on a substrate first and 
then a second layer of gap materials like polymer with controlled thickness is 
coated on it. . Then, the last layer of semiconductor nanoparticle solution is 
coated on the gap material layer. The advantages for this method include the 
good controllability of gap size, which plays a very important role in 
exciton-plasmon interactions, and the ease for carrying out single particle 
study. The disadvantages are also obvious: the influence of the substrate on 
the optical properties of the exciton-plasmon interaction cannot be neglected; 
also, this configuration is difficult to be developed into practical applications 
like optical sensing. For colloidal chemistry method, some linkage molecules, 
like biotin, peptides, antibodies, or DNA
3,6,12
, are selected to link metal and 
semiconductor nanoparticles. In this approach, the gap size is controlled by 
varying the size of the linkage molecules. Ideally, location, mutual orientation, 
and number of semiconductor and metal components should be well-defined 
and controllable.  
  In this study, we provide a simple method to conjugate polymer coated 
CdSe/ZnS core/shell QDs to various shapes of gold nanoparticles (AuNP-QD) 
with different diameters. The gap size between AuNP and QD is controlled by 




3.2. Experimental Section 
3.2.1 Synthesis of Spherical Gold Nanoparticles (SAuNPs) with diameter 
of 11 nm, 25 nm, and 45 nm 
  All the reagents, unless otherwise stated, were purchased from 
Sigma-Aldrich Chemicals and used without further purification. Water soluble 
CdSe/ZnS QDs with amphiphilic polymer and PEG coating were obtained 
from Ocean NanoTech LLC (Arkansas, USA). Their surface functional group 
is amine, and zeta potential is from 0 mV to +10 mV.  
  All glasswares and magnetic stir bar were cleaned with aqua regia solution 
and rinsed thoroughly with Mili-Q water prior to use.  11 nm gold 
nanoparticles were prepared by reducing 0.01% of hydrogen tetrachloroaurate 
(III) trihydrate (HAuCl4) solution with 0.04% of trisodium citrate dihydrate 
and 0.001% of tannic acid in a total volume of 20 mL at 70 °C. When the 
reacting solution turned to a clear crimson, the temperature was brought to 
115 °Cfor 5 min boiling. The product was then air-cooled to room temperature, 
filtered with a 0.22 µm filter syringe and stored at 4 °C until further use.  
  25 nm gold nanoparticles were synthesized by the reduction of hydrogen 
tetrachloroaurate (III) trihydrate with trisodium citrate dihydrate. Briefly, 50 
mL (final volume) of 0.294 mM HAuCl4 (final concentration) was preheated 
to 107 °C with stirring for 30 min to reach steady temperature. 1% citrate was 
then added rapidly to the solution in a 9:1 (citrate: HAuCl4) weight ratio. After 
30 min of reaction, the ripened solution was air cooled to room temperature, 
filtered using a 0.22 μm filter syringe and stored at 4 °C until further use.  
The 45 nm gold nanoparticle synthesis was achieved through a two-step 
process using seed-mediated growth. In the first step, very small, reasonably 
uniform, spherical seed particles were generated using trisodium citrate as the 
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stabilizer and sodium borohydride as the strong nucleating agent. In the 
second step, certain amount of seed solution was added into the boiling 
solution containing hydrogen tetrachloroaurate (III) trihydrate and trisodium 
citrate. The seed can initiate the growth of gold crystals.  
In the first step, spherical gold seeds were synthesized by mixing aqueous 
solutions of hydrogen tetrachloroaurate (III) hydrate with trisodium citrate in 
20 mL of double distilled deionized water with the final concentrations being 
2.5×10
-4 
M for HAuCl4·3H2O and 10
-4
 M for sodium citrate. An ice-cooled, 
freshly prepared aqueous solution of sodium borohydride (NaBH4, 60 µL at 
0.1 M) was then added under vigorous stirring. The solution turned pink 
immediately after the addition of NaBH4 and became red after being kept in 
the dark overnight. In the second step, hydrogen tetrachloroaurate (III) hydrate 
with trisodium citrate was dispersed into 50 mL of ultrapure water with the 
final concentration being 5.0 ×10
-4 
M for HAuCl4·3H2O and 10
-4
 M for 
sodium citrate. Then the solution was heated to 100 °C with vigorous stirring. 
120 µL of seed solution was added with the temperature kept for about 20 
minutes.  The product was then air-cooled to room temperature, filtered with 
a 0.22 µm filter syringe and stored at 4 °C until further use.  
 
3.2.2 Preparation of gold nanorod (AuNR) with aspect ratio of 3.5 
  The fabrication of AuNR is achieved via a two-step process using 
seed-mediated growth. The first step to synthesize gold nanorods by the 
seed-mediated approach is to synthesize spherical gold seeds by chemical 
reduction of chloroauric acid (HAuCL4) with a strong reducing agent such as 
sodium borohydride (NaBH4) in the presence of a capping agent such as 
CTAB to stabilize the gold seeds. Then, these seeds are added to a solution 
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containing HAuCL4 and a weaker reducing agent, ascorbic acid, and a 
surfactant-directing agent, CTAB. The addition of the ascorbic acid will 
reduce Au (III) to Au (I) in the presence of the gold seeds. These gold seeds 
are nucleation sites in which gold nanorods grow. Subsequently, the 
electron-rich seed catalyze the further reduction of Au (I) to elemental gold. 
The specific experiment protocols are shown as follows:  
Spherical gold seeds are synthesized by reducing gold salt solution with a 
strong reducing agent NaBH4. 
1. Dissolve 0.3644g of CTAB in 9.75mL of ultrapure water at 30°C to 
make 0.1M CTAB solution. Ensure complete dissolution of CTAB 
solution. 
2. Under dark conditions, add 250μL of 0.01M HAuCl4 solution to the 
CTAB solution under continuous stirring at 500 rpm. Then, add 600μL 
of freshly prepared ice-cold 0.01M NaBH4 solution immediately. 
3. Stir for approximately 2 minutes and leave the solution undisturbed for 
at least 2 to 3 hours to allow gold seed growth.  
Growth of gold nanorods  
Gold nanorods are synthesized by reducing gold salt solution with ascorbic 
acid in the presence of gold seeds.  
1. Dissolve 0.1760g of CTAB in 4.75mL of UP water at 30℃ to make 
0.1M CTAB solution.  
2. Under dark conditions and continuous stirring at 500 rpm, add 250μL 
of 0.01M HAuCl4 solution, 50μL of 0.01M AgNO3 solution and 35μL 
of 0.1M ascorbic acid solution in the stated order to the CTAB 
solution.  
3. Add 6μL undiluted (or 300μL of 50-time diluted) gold seed solution. 
Continue stirring for approximately 30 seconds, and leave the growth 
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solution undisturbed for at least 14 to 16 hours to allow nanorod 
growth.  




3.2.3 Synthesis of popcorn-shaped gold nanoparticles (PS-AuNP) 
The PS-AuNP synthesis was achieved through a two-step process using 
seed-mediated growth. In the first step, very small, reasonably uniform, 
spherical seed particles were generated using sodium citrate as the stabilizer 
and sodium borohydride as the strong nucleating agent. In the second step, 
ascorbic acid (AA) was used as the weak reductant, and 
hexadecyltrimethylammonium bromide (CTAB) as the shape-templating 
surfactant. The ascorbic anions transferred electrons to the seed particles, 
reducing gold ions to form a gold shell. The seeds then grew into larger 
particles of the particular desirable morphology dictated by CTAB.  
In the first step, spherical gold seeds were synthesized by mixing aqueous 
solutions of hydrogen tetrachloroaurate (III) hydrate with trisodium citrate in 
20 mL of double distilled deionized water (18 MΩ) with the final 
concentrations being 2.5×10
-4 
M for HAuCl4·3H2O and 10
-4
 M for sodium 
citrate. An ice-cooled, freshly prepared aqueous solution of sodium 
borohydride (NaBH4, 60 μL at 0.1 M) was then added under vigorous stirring. 
The solution turned pink immediately after the addition of NaBH4 and became 
red after being kept in the dark overnight. In the second step, 0.05 g CTAB 
was dissolved in 46.88 mL of H2O by sonication followed by addition of 2 mL 
of 0.01 M HAuCl4·3H2O under constant stirring, during which 0.3 mL of 0.01 
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M AgNO3 was added, and 0.32 mL of 0.1 M AA was then introduced 
dropwise as the reducing agent. The solution turned from yellow to colorless. 
To this colorless solution, 0.5 mL of gold seed from Step I was instantly added 
and mixed. The color of the solution changed to blue within a few minutes, 
indicating the formation of popcorn nanostructures.  
 
 
3.2.4 Functionalizing SAuNP with thiol and carboxyl-modified 
polyethelyene glycol (SH-PEG-COOH) via ligand exchange 
 The as-prepared gold nanoparticles covered by citrate lacked functional 
groups for further conjugation with QDs. Therefore, ligand exchange was 
carried out to functionalize gold nanoparticles with SH-PEG-COOH (Creative 
PEG Work, USA) containing carboxyl groups. In a typical experiment, 20 µL 
of 10 mM SH-PEG-COOH in ultrapure water was added to 1mL of the 
purified gold nanoparticle solution (0.2 µM, particle concentration) with the 
temperature elevated to 50°C. The solution was then sonicated for 30 min 
before ambient cooled to 25°C. At this temperature, the solution was further 
sonicated for another 2 hours followed by centrifugation at 8000 rpm for 20 
min.  
 
3.2.5 Two phase ligand exchange for AuNR and PS-AuNP 
  Because the as synthesized AuNR and PS-AuNP were coated by double 
layers of CTAB which lacked functional groups for our next conjugation with 
QDs, two phase ligand exchange method was carried out to replace CTAB 
with SH-PEG-COOH. The specific procedures are described as follows:  
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Transfer as-synthesized gold nanorods to organic phase 
1. Add 1-dodecanethiol (DDT) of 2 to 3 times the volume of the gold 
nanorod sample to a glass vial containing the concentrated gold 
nanorod sample.  
2. Add acetone of 2 to 3 times the total volume in the glass vial and 
shake vigorously to promote ligand exchange of CTAB by DDT 
followed by swirling gently.  
3. Collect the top solution consisting of the organic phase in the glass 
vial after phase separation containing DDT-capped gold nanorods.  
4. Wash away excess DDT by adding an equivolume of toluene to dilute 
the sample and then add methanol five times the volume of the 
collected sample to aid in precipitation of gold nanorods.  
5. Centrifuge the sample at 5000rpm for less than 5 min to collect 
precipitate.   
6. Redisperse precipitate in 2mL toluene and sonicate briefly to aid in 
dissolution. If black specks are still visible, add a few drops of 
acetone to fully dissolve the precipitate.  
Transfer DDT-capped gold nanorods to aqueous phase 
1. Pre-heat the gold nanorods sample at 95 oC for 5 minutes.  
2. Prepare 0.03M mercaptopropanoic acid (MPA) by dissolving 20μL 
pure MPA in 8mL toluene, for a final total volume of 10 mL.   
3. Add MPA to pre-heated gold nanorods sample under vigorous stirring. 
Visible aggregation should occur within 5 minutes. Allow 
precipitation to occur for approximately 15 min in all.  
4. Allow solution to cool to room temperature while the precipitate 
settles to the bottom. 
5. Wash the precipitate twice with toluene and once with iso-propanol 
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(IPA) to deprotonate the carboxylic group. Re-disperse in 1x TBE 
buffer solution containing a mixture of Tris base, boric acid and 
EDTA. Sonication can be applied briefly to aid in re-dispersion.  
6. To remove residual traces of organic solvent, wash the gold nanorods 
repeatedly with 1x TBE. 
The same protocols are also applied for PS-AuNP.  
 
3.2.6 Conjugation of AuNP with QD to form AuNP-QD Nanoconjugates  
All the gold nanoparticle mentioned above are conjugated with QDs 
following the same experimental protocol. In a typical conjugation reaction, 
QD and N-hydroxysuccinimide (NHS) at 0.1 M were mixed in 4.5 mL of 0.1 
M 4-morpholineethanesulfonic acid (MES buffer) at pH 5.5 in a 20 mL round 
bottom flask for 5 min. AuNP dispersed in 0.5 mL of MES and 
1-(3-Diethylaminopropyl)-3-ethyl- carbodiimide hydrochloride (EDC) at 0.4 
M were then added. The particle concentration ratio of AuNP to QD was fixed 
at 1:2. The flask was put into a dark environment for the conjugation reaction 
to proceed for 8 hours. After that, the solution was centrifuged at 4200g and 
washed 5 times with ultrapure water. Then AuNP-QDs were collected and 
dried in a dark vacuum oven for 3 days.  
 
3.2.7 Characterization methods 
The size and shape of PS-AuNPs or PS-AuNP-QDs were characterized by 
FETEM (JEOL JEM-2100F) operated at 150KeV. A Malvern MD2301 
Zetasizer was used to measure the hydrodynamic size of QDs and the average 
size change after the addition of avidin to the biotinylated PS-AuNP-QD 
solution. The extinction spectra of PS-AuNPs were measured using a 
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Shimadzu UV-1700 spectrophotometer. The PS-AuNP concentration was 
measured using the plasmon absorption peak at 580 nm, given that the 







extinction coefficient was measured by using ICP analysis to quantitatively 
determine the gold concentration in nanoparticle solution and nanoparticle 
volume measured by TEM.  
 
3.3 Results and Discussion 
3.3.1. Spherical Gold nanoparticle and quantum dots conjugate 
(SAuNP-QD) 
  Gold colloidal suspensions exhibit beautiful colors ranging from red to blue 
because of their optical properties including scattering and absorption. The 
free electrons in one AuNP oscillate with the incident electromagnetic field, 
during which resonance takes place if the oscillation frequency matches with 
the incident field. When resonance happens, both the scattering and the 
absorption reach the maximum intensity, and this phenomenon is normally 
called localized surface plasmon resonance (LSPR). Figure 3.1 (black lines) 
shows the UV-Vis absorption spectra of SAuNP suspensions with three 
different particle sizes. According to the spectra, the 11 nm (a), 25 nm (b) and 
45 nm (c) SAuNPs give the resonance at 523 nm, 539 nm and 547 nm, 
respectively. The resonance wavelength shifting with different particle sizes is 
mainly caused by the free electron oscillation strength that changes with the 
diameter of the particles. In order to functionalize the particles with carboxyl 
group, ligand exchange with modified PEGs (SH-PEG-COOH, MW 1000) 
was carried out as mentioned in the experiment section. The UV-Vis 
absorption spectra of the SAuNP suspensions after ligand exchange (red lines 
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labeled as A, B and C) are also shown in Figure 3.1. According to Figure 3.1, 
the half-width of the UV-Vis absorption curves did not change before and 
after ligand exchange, which means the ligand exchange process did not cause 
any aggregations.  



























Figure 3.1. UV-Vis absorption spectra of 11 nm SAuNP (a and A), 25 nm SAuNP 
(b and B), and 45 nm SAuNP (c and C). The black and red lines represent the 
suspensions before and after ligand exchange, respectively.  
Since the quality of the SAuNPs is important for subsequent experiments, the 
size and size distributions of SAuNPs after ligand exchange was also 
characterized by dynamic light scattering (DLS) in Figure 3.3. The TEM 
results (Figure 3.3 insets) show agreement with the DLS data. The zeta 
potential of the SAuNPs before and after ligand exchange is listed in Table 3.2. 
Before ligand exchange, the surface ligand for SAuNPs is positively charged, 
while it becomes negatively charged after ligand exchange due to the carboxyl 





 Before Ligand Exchange After Ligand exchange 
11 nm +35 mV -25 mV 
25 nm +33 mV -27 mV 
45 nm +37 mV -19 mV 




Figure 3.3. SAuNP size and size distributions measured by dynamic light 
scattering (DLS): a, 11 nm; b, 25 nm; c, 45 nm. The inlet pictures shows 
the morphology of the corresponding SAuNP characterized by TEM 
  The conjugation between SAuNP and QD was carried out via EDC-NHS 
chemistry. The particle concentrations were measured using the plasmon 



















 for 11 nm, 
25 nm and 45 nm SAuNPs, respectively. The extinction coefficient was 
measured by using ICP analysis to quantitatively determine the gold 
concentration in nanoparticle solution and nanoparticle volume measured by 
TEM. The particle concentration of QDs was given by the manufacturing 
company (Ocean Nanotech, USA). After a few tries, we fixed the molar ratio 
between SAuNP and QD at 1:2 because the least free QDs were detected after 
the conjugation reaction under this ratio. This may be caused by the low amine 
group density on the QD surface according to the company information. 
Figure 3.5 shows the TEM pictures of the conjugated SAuNP-QD particles. In 
the pictures we can see clearly that the light colored QDs have been attached 
onto the surface of dark-colored SAuNPs. In order to confirm that the linkage 
between these particles is chemical bond, DLS is employed to monitor the size 
change before and after the conjugation reaction. According to the DLS results 
(shown in Table 3.4), the size change is about 20 nm, which is consistent with 
the hydrodynamic size of the QD provided by the manufacturing company. 
Because size calculation from DLS is based on the measurement of the 
particle’s diffusivity, the size change of the conjugation can be used as 





Before conjugation After conjugation 
10.89 nm 32 nm 
25.45 nm 47 nm 
45.3 nm 67 nm 
Table 3.4. Dynamic light scattering (DLS) results of the SAuNP and 
SAuNP-QD solutions.  
 
Figure 3.5. FE-TEM images of SAuNP(11 nm)-QD (a and b, scale bars 
are 20 nm and 10 nm, respectively), SAuNP(25 nm)-QD (c and d, scale 
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bars are 20 nm and 10 nm, respectively), and SAuNP(45 nm)-QD (e and f, 
scale bars are both 20 nm).  
 
 
3.3.2. Gold nanorod (AuNR) and quantum dot (QD) conjugate 
(AuNR-QD) 
The shape and size of the gold nanostructures affect the scattering and 
absorption of the gold nanostructures, and hence their SPR. In particular, gold 
nanorods have proven to be useful and widely used among all other shapes of 
gold nanoparticles due to the tunability of their SPR in the visible and 
near-infrared region spanning the potential electromagnetic spectrum for in 
vivo applications. Therefore, gold nanorods are currently being explored for 
potential applications in biomedical diagnostics, therapeutics and biochemical 
sensing. Gold nanorods exhibit two SPR bands, transverse and longitudinal 
band, both of which correspond to the oscillation of electrons. The only 
difference lies in the direction of the oscillation. Transverse band corresponds 
to the oscillation along the short axis of the nanorod while longitudinal band 
corresponds to the oscillation of electrons along the long axis. Hence, the 
transverse peak wavelength is largely unaffected by changes in aspect ratio 
(ratio of length to width of nanorod), while the longitudinal peak wavelength 
increases or red-shifts when the aspect ratio of gold nanorods increases. In 
contrast, gold nanospheres only have one resonance band and the peak 
wavelength is dependent on the diameter. The aspect ratio of gold nanorods 
can be increased to tune the longitudinal band of gold nanorods from the 
visible to near-infrared region. This is desirable as the optical window in the 
range of 650 to 900nm permits an enhanced penetration into biological tissues, 
and light absorption of water is kept to a minimum in the region.  
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Gold nanorods are synthesized with CTAB, a cationic surfactant, which 
results in a double layer of CTAB for passivation, the phenomenon in which 
the nanorods become ‘passive’ and less affected by environmental factors. 
Passivation poses problems such as bio-conjugation, nonspecific adsorption of 
DNA, cytotoxicity and stability, which severely limit the use of the gold 
nanorods in biological applications Therefore, it necessitates the exchange of 
CTAB with thiolated ligands such as thiolated polyethylene glycol (PEG) 
which will enable the nanorods to form a suspension in a buffer solution. 
PEG serves as a physical barrier to sterically hinder aggregation of 
nanoparticles and minimize unspecific adsorption of nanoparticles to cell 
membrane, body fluid proteins and blood vessel walls, which ultimately 
reduces immunogenic and inflammatory host responses to enhance the 
biocompatibility of the gold nanoparticles. In addition, the strong Au-S bond 
formed by PEG with the gold nanorod surface enables the formation of a good 
coating. Covalent bond can be formed between biomolecules and 
PEG-functionalized gold nanorods to result in a stable and controlled 
conjugation. In addition, a bifunctional PEG consists of a thiol group and 
another reactive functional group such as a carboxyl or amino group to form 
bonds with proteins which is useful for scientific applications such as 
bio-imaging. Since PEG cannot be visualized directly in images by using 
electron microscopy, the zeta potential of the gold nanorod samples is used to 
confirm the PEG capping, as the positive surface charge observed in 
CTAB-stabilized nanorod is expected to decrease when CTA
+
 groups are 
replaced by carboxyl-functionalized PEG  
The transfer of ligands is achieved by a two-phase extraction as 
simplified in Figure 3.6. Firstly, the nanorods are extracted into an organic 
phase using the ligand dodecanethiol (DDT) to remove CTAB from the 
37 
 
NR-CTAB. Then, NR-DDT are extracted into an aqueous phase using 
mercaptocarboxylic acids (MCA), HS-(CH2)n-COOH. Finally, the ligands can 
be further customized to thiolated polyethylene glycol (PEG). The final 
products of the ligand-exchanged nanorods, NR-MCA and NR-PEG, are 
stable in physiological buffer which do not aggregate and change size upon 
ligand exchange. They also exhibit narrow bands in agarose gel 
electrophoresis indicative of their uniform charge distribution to enable a 
quantitative analysis. The modification of the surface chemistry of the gold 
nanorods enhances their versatility in biological applications.  
 
Figure 3.6. Experimental protocols of phase transfer ligand exchange for 
AuNR 
Figure 3.7 (a and b) shows the FETEM images of the gold nanorod sample 
after ligand exchange and the gold nanorods have a mean length of 35nm , 
mean width of 10nm, and mean aspect ratio of 3.5. It is also observed from the 
FETEM images that the sample consisted mainly of nanorods, indicative of 
high purity. Hence, the experimental protocol for such synthesis of short gold 
nanorods is used in this thesis. Meanwhile, Figure 3.7 (c) shows the UV-Vis 
absorption spectrum of the AuNR synthesized. As shown in the spectrum, the 
longitudinal SPR located at around 810 nm and the transverse SPR located at 




Figure 3.7. FETEM pictures of gold nanorod after ligand exchange (a 
and b) and the corresponding UV-Vis absorption spectrum. The scale bar 
in a and b are 50 nm and 10 nm, respectively.  
 
Figure 3.8 shows the zeta potential results of the AuNR solution before and 
after the phase transfer ligand exchange. As shown in the picture, the zeta 
potential of the AuNR before ligand exchange is +47.3 mV, which changed to 









Figure 3.8. Zeta potential change of AuNR before (a, +47.3 mV) and 
after (b, -17.6 mV) ligand exchange  
 
The conjugation between AuNR and QD is similar to the chemistry used for 
SAuNP and QD. The particle concentration of AuNR was also determined by 







. The extinction coefficient was measured by using ICP 
analysis to quantitatively determine the gold concentration in nanoparticle 
solution and nanoparticle volume measured by TEM. The molar ratio between 
AuNR and QD is fixed at 1:3.5 after a few tries in order to minimize the free 
QD concentration after the conjugation reaction. Figure 3.9 shows the FETEM 
images of the AuNR-QDs. As shown in the pictures, the relative location of 
the QD with respect to AuNR can be categorized into two different situations: 
on the AuNR tip (b) or on the side (c). In our trial experiments, it seems that 
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the number of QDs attached on one AuNR has no relationship to the molar 
ratio between AuNR and QDs (d, e and f). The scattering properties of the 
conjugated particleswill differ when the relative position of QD to AuNR or 
the number of QDs per AuNR is changed. We will give detailed descriptions 
and explanations in the next chapter.  
 
Figure 3.9. FETEM pictures of AuNR-QD conjugates. a: two 
AuNR-QD conjugates. scale bar: 20 nm; b: QD attached on the AuNR tip; 
c: QD attached on the AuNR side; d: two QDs linked on one AuNR; e: 
three QDs linked on one AuNR; f: four QDs linked on one AuNR.  
 
3.3.3. Popcorn-shaped Gold Nanoparticles (PS-AuNP) and quantum dots 
(QDs) conjugate. 
  Multispiked gold nanoparticles allow for the tuning of plasmon resonances 
through the visible to near-IR spectral regions, where tissues are relatively 
transparent. This tuning is especially important for biological applications. 
Mode splitting of coupled plasmons has been described as earlier as in 1981 
by Kreibig et al.
13
, and according to the calculations of Nordlander and 
co-workers
14
, the core of star-shaped gold nanoparticles serves as a nanoscale 
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antenna for the surface protrusions, and enhances the excitation cross section 
as well as the local electromagnetic fields of the tip plasmons. Such 
multispiked nanoparticles show great promise for a variety of fundamental 
studies and applications, and in particular for SERS. According to the 
calculations performed by Liz-Marzan and coworkers
12
, SERS enhancement  
for molecules adsorbed near the tips of a gold nanostar could approach 10 
orders of magnitude, and multispiked plasmonic nanoparticles offer enhanced 
local fields near the tips of the protruded spikes, which are relatively easily 
accessible to analyte molecules. In this research, a water-based synthesis 
method was employed to synthesize popcorn-shaped gold nanoparticles 
(PS-AuNPs). Also, a two phase ligand exchange protocols are used to replace 
the surface CTAB with modified PEG. Then QDs are attached to the surface 
of PS-AuNP via a chemical bond.  
  The structure and topography of PS-AuNPs by field-emission transmission 
electron microscopy (FETEM) is shown in Figure 3.10. The size of PS-AuNPs 
was measured to be approximately 45 nm (Figure 3.10 a), A similar value 
(hydrodynamic size of 48 nm) was also obtained by dynamic light scattering 
(DLS) measurement. Figure 3.10 b shows the more detailed structure of 
PS-AuNP. Many small projections and crevices on the particle surface were 
observed. These projections and crevices form potential ‘hot spots’ for 
enhancement of the electromagnetic field. The effect of hot spots on 
enhancing Raman scattering has been observed in metallic nanoparticle 
aggregates. Figure 3.10 c presents the UV-visible absorption spectrum of 
PS-AuNPs. Compared with spherical AuNPs of similar sizes, the peak 
wavelength of PS-AuNPs was found to shift from 530 nm to 580 nm. This 
plasmon resonance wavelength shift is mainly due to the rough surface of 





Figure 3.10 (A and B) FETEM images and (C) UV-Visible absorption 
spectrum of popcorn-shaped gold nanoparticles (PS-AuNP). The 
magnifications of (A) and (B) are 50,000x and 600,000x respectively (scale 
bar: (A) 100nm and (B) 10 nm). The UV-Visible absorption spectra of 
spherical AuNPs (dash line) and PS-AuNPs (solid line) were collected at 
the same particle concentration in aqueous solution. 
 
  After ligand exchange, the CTAB-protected PS-AuNPs were functionalized 
by carboxyl groups. They were then conjugated with the amine groups on the 
polymer-coated QDs. Figure 3.11 shows the zeta potential change before and 
after the ligand exchange. Before ligand exchange, the surface of PS-AuNP is 
covered by CTA
+
, which is replaced by COO
-




Figure 3.11 Zeta potential change of PS-AuNP before (a, +57.1 mV) and 
after (b, -21.1 mV) ligand exchange 
 
The particle concentration of PS-AuNP was also determined by the SPR 







extinction coefficient was measured by using ICP analysis to quantitatively 
determine the gold concentration in nanoparticle solution and nanoparticle 
volume measured by TEM. The molar ratio between PS-AuNP and QD is 
fixed at 1:2 after a few try. The FETEM pictures in Figures 3.12 a and b show 
the formation of the PS-AuNP-QD conjugates. The presence of element Cd, 
Se, Zn, and Au in the energy-dispersive X-ray spectrum (Figure 3.12 c) 
indicated that the small particles staying very near PS-AuNP are QDs. An 
increase in the average hydrodynamic size from 48 nm to 65 nm by DLS 




Figure 3.12. (a and b) FETEM images of PS-AuNP-QDs and (c) EDX 
spectrum of selected particles. Scale bar: (a) 100 nm and (b) 20 nm.  
 
3.4. Conclusion 
  We have synthesized different shapes of gold nanoparticles including 
spherical gold nanoparticles of 11 nm, 25 nm and 45 nm in diameters, gold 
nanorod with respect ratio of 5, and popcorn-shaped gold nanoparticles. Then 
two phase ligand exchange method is employed successfully to replace the 
surface ligands with modified PEG (SH-PEG-COOH). The zeta potential 
results show that ligand was replaced completely. After that, CdSe/ZnS 
core/shell quantum dots with amine groups on surface is used to react with 
gold nanoparticles in the presence of EDC and NHS. TEM pictures and DLS 





 (1) Gole, A.; Murphy, C. J. Am. Chem. Soc. 2004, 65, 3633. 
 (2) Haes, A. J. J. Phys. Chem. B 2004, 108, 1. 
 (3) Huang, X. J. Am. Chem. Soc. 2006, 128, 6. 
 (4) Bjerneld, E. J.; Svedberg, F.; Kall, M. Nano Lett. 2003, 5, 5. 
 (5) Ghosh, S. K. J. Phys. Chem. B 2004, 108, 37. 
 (6) Jain, P. K.; El-Sayed, M. A. J. Phys. Chem. A 2007, 111, 47. 
 (7) Nie, S.; Emory, S. R. Science 1997, 275, 1102. 
 (8) Lee, P. C.; Meisel, D. J. J. Phys. Chem. 1982, 86, 3391. 
 (9) Barnes, W. L. J. Mod. Opt. 1998, 45, 661. 
 (10) Noguez, C. J. Phys. Chem. C 2007, 111, 10. 
 (11) Shen, C. Chem. Mater. 2008, 20, 335. 
 (12) Murphy, C. J. Phys. Chem. Lett. 2010, 1, 19. 
 (13) Kreibig, U.; Althoff, U.; Pressmann, H. Surf. Sci. 1981, 106, 308. 





Chapter 4 Plasmon-Exciton Interactions in Single AuNP-QD 
conjugate: Correlating Modeling with Experiments 
 
4.1. Introduction 
  Nanomaterials incorporating semiconductor quantum dots (QDs) and 
metallic nanoparticles (MNPs), metal surfaces, and dye molecules have been 
attracting more and more attention recently. This coupling profoundly affects 
the QD’s absorption and emission rates1,2. Hence, by controlling the design of 
a QD-AuNP structure one can tailor the optical properties of the system. The 
mechanisms through which these rates are affected by the QD-AuNP coupling 
are different. According to published information, the absorption of the QD 
changes due to the local field enhancement near the AuNP. On the other hand, 
its emission is modified due to the interactions between the QD dipole and the 
plasmons in the AuNP
1,3
. This interaction may lead to an enhanced radiative 
rate when dipole modes are excited in the metal or to emission quenching 
when higher multipoles are excited. If QD and AuNP do not exchange carriers, 
then the interparticle Coulomb interaction becomes the main mechanism of 
coupling and can strongly change the physical properties of the conjugated 
particles
4
. In particular, these changes can be observed in optical experiments 
on coupled QD-metal superstructures. In the presence of optical excitation, the 
Coulomb (dipole-dipole) interaction results in interparticle energy transfer and 
electromagnetic enhancement. The energy transfer is observed as directional 
flow of excitons between QDs or dissipation of exciton energy in the presence 
of metal particles. The electromagnetic enhancement reveals itself as 





  Many studies of emitter-metal interactions were conducted with organic 
dyes as the emitter. The ease of attaching these molecules to metal surface, by 
directly bonding or through an intermediate ligand, has triggered a lot of 
studies of this system
5-7
. However, organic dye molecules are characterized by 
a large overlap between absorption and emission spectra, and it is therefore 
difficult to isolate the changes which are due to absorption enhancement from 
those related to emission changes. This gives rise to a large scatter in the 
reported results and limits our insight into the behavior of the system
8,9
.  
  Semiconductor QDs offer several advantages in this context
9-13
. First of all, 
their absorption spectrum extends over a broad range, and it is easy to overlap 
it with the spectrum of metal nanoparticle plasmon of various sizes and 
material systems. The emission spectrum, on the other hand, is narrow and 
well separated from the absorption. In fact, it is typically narrower than that of 
the plasmon, and therefore by selecting QDs of different size one can tune the 
exciton emission across the plasmon resonance. Finally the strong oscillator 
strength associated with the QD exciton allows performing single object 
experiments easily.  
  The formation of QD-metal particle system has been a subject of growing 
interest in the past decades. The straightforward approach to realize this 
system is based on using a scanning probe. In this approach, the QD –metal 
particle distance was controlled either by moving metal particle on a substrate 
with QDs using an atomic force microscopy (AFM) tip
14
 or using the AFM tip 
itself as the plasmonic structure
15
. Other approaches have used patterned 
metallic substrates to define the plasmonic structure. The QDs are either 
distributed uniformly
16
 or positioned in prepatterned locations
12,17
.  
  The internal spectral inhomogeneity caused by, for example, the 
uncontrollable morphology difference between particles is usually masked in 
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the average signal from an ensemble measurement. However, it could be 
retrieved by carrying out measurements on individual particles. Following the 
study of Klar et al
18
., there have been several reports of single particle 
measurements in the past few years. Jin et al. and Mock et al. carried out 
single particle LSPR studies on silver nanoparticles of spherical, triangular 
prism, and pentagonal shapes
19,20
. They demonstrated that the scattering peaks 
of silver nanoparticles red-shift with the increase in the particle size, and 
blue-shift with the rounding or truncation of the corners of triangularly shaped 
particles. Nehl et al. reported from dark-field microscopy that individual (100 
nm) star-shaped gold nanoparticles support multiple plasmon resonances, 
which result in polarization dependant multipeak scattering that is extremely 
sensitive to the local dielectric environment
21
. Wang et al. showed that the 
plasmon resonances of bimetallic particles are broader than those of pure 
silver or gold particles and that the broadening is determined to be due to the 
frequency dependence of the dielectric functions of the particles
22
 
  In this work we used a simple method to construct QD-AuNP complexes, 
which has been described in the former chapter. The AuNP in vicinity of the 
QDs in the complex dramatically modified the absorption and emission 
properties of the QDs. For example, strong fluorescence enhancement and 
emission wavelength shift are observed in certain circumstances. Also, single 
QD-AuNP complex’s scattering spectrum is studied via dark field microscopy. 
The changes and splitting of plasmon peaks indicates the interactions between 
the exciton dipole and the plasmon dipole. In order to explain the experimental 
results, finite-difference time-domain method is employed to solve the 




4.2 Experiment section 
  All the reagents, unless otherwise stated, were purchased from 
Sigma-Aldrich Chemicals and used without further purification. Amine 
functionalized CdSe/ZnS QDs with amphiphilic polymer and PEG coating 
were obtained from Ocean NanoTech LLC (Arkansas, USA). The zeta 
potential was measured as +10 mV. The preparation procedures for 
AuNP-QDs can be found in Chapter 3.  
 
4.2.1 Characterization methods 
  The steady-state fluorescence of QDs, SAuNP-QDs, AuNR-QDs, and 
PS-AuNP-QDs, were characterized by a PerkinElmer LS-45/55 
spectrophotometer. Same spectroscopic parameters (intensity, gain, etc.) were 
used in all tests for more accurate fluorescence intensity comparison. Different 
excitation wavelengths ranging from 390 to 500 nm were used to excite 
AuNP-QDs to examine the effects of the presence of AuNP on QD excitation 
and fluorescent emission behaviors.  
  For single particle scattering spectrum measurements, The AuNP-QD and 
AuNP were deposited on silicon nitride membrane by the dropping. The 
scattering spectrum of each particle was correlated with its geometrical 
structure by utilizing a pattern-matching method. The studied particles must be 
confirmed to be single particles by high resolution TEM images. Scattering 
spectra of the individual AuNP-QD and AuNP were measured on a dark-field 
optical microscope (Nikon BX60) integrated with a quartz-tungsten-halogen 
lamp (100 W), a monochromator (Acton SpectraPro 2300i), and a 
charge-coupled device camera (Andor Ixon
EM
+ 897). The camera was 
thermoelectrically cooled to −70 °C during the measurements. A dark-field 
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objective (100×, numerical aperture = 0.80) was employed for both 
illuminating the silicon nitride substrate with the white excitation light and 
collecting the scattered light. Scattering spectra from the individual particle 
were corrected by first subtracting the background spectra taken from the 
adjacent regions without particles and then dividing them with the calibrated 
response curve of the entire optical system.  
 
4.2.2. Finite-Difference Time-Domain (FDTD) modeling  
  The electromagnetic simulations were carried out to model the plasmonic 
responses of the single AuNP, utilizing a FDTD method. The calculations 
were performed using FDTD Solutions (Lumerical, Inc.). During the 
calculations, an electromagnetic pulse in the wavelength range from 400−700 
nm was launched into a box containing the target AuNP to simulate a 
propagating plane wave interacting with the nanostructure. The AuNP and its 
surrounding space were divided into 0.5 nm meshes. The dielectric function of 
gold was represented with a combination of the Drude and Lorentz model, 
























  (4.1) 
with the high-frequency dielectric constant  =7.0765; the plasma strength 
 =0.024; the plasma frequency 
D =13906.9 THz; the Drude damping 
constant 
D =14.1084 THz; the Lorentz oscillator strength L =4634.63 THz; 
and the Lorentz line width 
L =926.71 THz; The dielectric function of CdSe 
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,)(   (4.2) 
Where εQD,∞=8.2 is the high frequency permittivity of CdSe; f=-0.023 is the 
Lorentz permittivity; ω0=8.846×10
13
 Hz is the emission angular frequency of 
the QD. γQD=4.423×10
12
 Hz is the damping constant for CdSe. The entire 
simulation space was divided into grids at a size of 0.5 nm.  
 
4.3 Results and Discussion 
 
4.3.1 Steady-state photoluminescence properties of AuNP-QDs 
  The emission spectra of QDs and SAuNP-QDs in ultrapure water with 
particle concentration 0.08 nM are shown in Figure 4.1. For the QDs alone, we 
tried excitation wavelength at 500 nm and found the emission spectra with 
peak wavelength at ~540 nm (Figure 4.1 a). This is agreeable with the 
manufacture specification of 540 nm emission. In Figure 4.1 we can find that 
the emission intensity of SAuNP-QD complexes is enhanced about 4-6 times 
compared with QD solution at the same particle concentration when excited at 
wavelength of 500 nm. This is mainly caused by the electromagnetic field 
enhancement near the AuNP surface. According to Gersten and Nitzan’s 
theory
25
 in the limit where the electric field distribution is dominated by dipole 
modes, the enhancement of the field intensity increases the photoluminescence 









PLradPLenhrad     (4.3) 
where Гrad,0(ωPL) is the radiative decay rate of pristine QD without metal, and 
Eenh and E0 are the mean strengths of the enhanced electric field and the 
original electric field of the incident pulse respectively. Therefore, the 
radiative decay rate of the excitons in QD is proportional to the electric field 
enhancement. The other interesting phenomenon in Figure 4.1 is the small 
peak appearing at around 488 nm which is not observed in QD solution’s 
emission spectrum. It is believed that the dipole-dipole interaction between 
exciton and plasmon causes the energy flow between the two particles, which 




Figure 4.1 Steady-state Photoluminescence spectra of QD solution (a), 11 
nm SAuNP-QD (b), 25 nm SAuNP-QD (c) and 45 nm SAuNP-QD. All 
particles are dispersed in ultrapure water at 0.08 nM (particle 
concentration) 
The photoluminescence (PL) profile of AuNR-QDs dispersed in water at 
0.08 nM (particle concentration) is shown in Figure 4.2. Because AuNR has 
more complicated plasmon modes, the emission of AuNR-QDs solution shows 
four different peaks located at 505 nm, 512 nm, 540 nm, and 560 nm. 
According to published papers
26
, the longitudinal and transverse modes of 
AuNR can both interact with the excitons in QD. The energy transfer due to 
dipole-dipole interaction is also different since the dipole moment of the two 
plasmon modes are not the same. The other reason for this phenomenon is that 
the number of QDs per AuNR is different according to the TEM pictures (see 
Chapter 3). We will demonstrate later that the dipole-dipole interactions 
between plasmon and exciton are determined by the relative positions between 
QD and AuNR. Also, the number of QDs per AuNR also plays an important 
role. The steady-state PL of AuNR-QDs solution measures the average results 




Figure 4.2 Steady-state photoluminescence spectra of AuNR-QDs 
solution. All particles are dispersed in ultrapure water at 0.08 nM 
(particle concentration) 
 
For PS-AuNP-QD at the same particle concentration, two interesting 
phenomena can be observed (Figure 4.3). Firstly, the maximum emission 
wavelength of PS-AuNP-QD shifts to 625 nm at all four excitation 
wavelengths (390, 420, 450 and 500 nm) as compared with 540 nm of the pure 
QD solution. This shift can be seen with naked eyes because the fluorescent 
color changes from green (540 nm) to red (625 nm). (Figure 4.3 lower inset) 
Secondly, the fluorescence intensity increases as the excitation wavelength 
moves from 390 nm to 500 nm. At the 500 nm excitation wavelength, the 
fluorescence of the PS-AuNP-QD solution is approximately 190 times 
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stronger than that of the pure QD solution at the same particle concentration. 
To the best of our knowledge, the fluorescence enhancement factor of 190 is 
the highest ever reported. This factor, however, drops considerably when the 
excitation wavelength exceeds 500 nm. The UV-visible absorption spectrum 
of PS-AuNP-QD (See Figure 4.4) also shows the peak absorption at 500 nm 
and considerable drop in absorption in the 520-620 nm range, indicating no 
excitation at wavelengths longer than 500 nm.  













































Figure 4.3 PL spectrum of (a) QD alone and (b-e) PS-AuNP-QD 
solutions. The emission spectra from (b) to (e) are for different excitation 
wavelengths (390 nm, 420 nm, 450 nm, 500 nm, respectively). The QD 
alone sample (a) was also excited at these four excitation wavelengths, but 
did not show any significant difference in the emission spectrum. The 
upper inset contains the enlarged scale of the QD emission spectrum in (a). 
The lower inset shows the fluorescent emission of the PS-AuNP-QD (red) 
and the original QD (green) at the same particle concentration. All 
samples have the same particle concentration (0.08 nM).  
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Figure 4.4 The UV-visible absorption spectrum of PS-AuNP-QD solution (0.08 
nM, particle concentration) 
The presence of metallic nanostructures in the vicinity of a fluorophore can 
lead to either fluorescence quenching or enhancement. It is generally 
perceived that quenching arises from the non-radiative decay by fluorescence 
resonance energy transfer (FRET), and the quenching efficiency strongly 
depends on the separation between the donor and acceptors. However, when 
the separation between the metallic nanostructures and fluorophores becomes 
larger (normally larger than 2 nm)
27
, fluorescence enhancement is often 
observed instead. Since the fluorescence intensity increases with increasing 
radiative decay rate
28
, the influence of the local electric field on this rate plays 




4.3.2 FDTD simulation and electrodynamics calculation of PS-AuNP-QD 
system  
To relate our experimentally measured PL enhancement to the electric field 
modification, we adopted the Finite Difference Time Domain (FDTD) method 
to solve the Maxwell equation and calculate the electric field surrounding the 
PS-AuNP-QD used in our experiment. The simulation layout design is 
illustrated in Scheme 4.5. PS-AuNP was modeled by a sphere of 35 nm in 
diameter with eight identical rods of 10 nm in length and 3 nm in diameter, 
uniformly located at the sphere surface and radially protruding. Each QD was 
modeled as a CdSe sphere of 5 nm in diameter, with the surrounding medium 
as water. The refractive index of water was taken to be 1.33. The conjugate 
was set to be illuminated by a pulse plane wave for 100 fs. After that, the time 
evolution of the electric field was computed. We averaged the square of 
electric field over the first optical cycle and plotted its normalized intensity 
distribution at the plane (perpendicular to the incident light) where the QDs 
were located in Figure 4.6 for TE mode. As we increased the incident 
wavelength from 390 nm to 500 nm, the electric field was found to be 
enhanced considerably by the metallic particles as compared to that of the 
incident light alone. We further took average over the plane to calculate the 
enhancement factor of the squared electric field, and plotted the results 
together with the experimentally observed fluorescence enhancement of 
PS-AuNP-QD for the four investigated wavelengths (Figure 4.7). A linear 
correlation was obtained, indicating that the enhanced fluorescence is 
associated with the locally intensified field due to plasmon resonance of the 
nearby PS-AuNP. The linear relationship also complies with Equation (4.3) 




Scheme 4.5 Schematic of the simulated system showing a periodical 
array of PS-AuNPs each in a box of 200×200×100 nm. They are situated 
on a plane with a distance of d above the plane where CdSe QDs are 
located. The arrow marked as P in the scheme is the polarization of the 
pulse incident light, which is in the z direction and modeled using 




Figure 4.6 The distribution of calculated electric field magnitude 
(relative to the value of the incident light) at xz plane where the QDs are 
located at different excitation wavelengths: (A) 390, (B) 420, (C) 450 and 
(D) 500 nm. The white circles indicate the location of QD.  








































Figure 4.7 Correlation between the experimental PL enhancement and 
the calculated square of electric field intensity enhancement. Black line is 
the linear fitting.  
  In principle, there are three distinct decay channels for a QD as 
demonstrated in Scheme 4.8. First, the fluorescent light directly emits into the 
free space (Γrad). The decay rate can be modified if the QD is placed in the 
vicinity of a metallic structure. Second, the QD can be damped non-radiatively 
owing to ohmic losses in the conductor (Γnon-rad). Third and most importantly, 
the surface plasmons arising from metal nanostructures can couple with the 
emission photons (Γpl). This strong coupling called Purcell effect leads to the 
emitted photons propagating with the surface plasmons on the metal surface. 
For a QD placed in the evanescent surface plasmon tail, the spontaneous 





., where λ is the surface plasmon wavelength, and d is the 
distance between QD and metal surface. For an optimally positioned QD, the 
spontaneous emission rate into surface plasmon (Γpl) can far exceed the 
free-space radiative and non-radiative decay (Γrad and Γnon-rad respectively).  
 
 
Scheme 4.8 Radiative coupling of QDs to PS-AuNPs. A coupled QD can 
emit a photon either into the free space or into the guided surface 
plasmons of the nearby gold nanostructures with respective rates Γrad and 
Γpl.  
To estimate the relative importance among the three channels, we followed 
the approach of Chang et al
29
. by modeling a projection on PS-AuNP as a 
nanotip with a paraboloidal profile described by ρ(z)=(vz)1/2 (z>0) with v being 
an adjustable parameter for nanotip acuteness, and QD as a point dipole 























































radnon   (4.5) 
























   (4.6) 
where 0  is the decay rate in free space with uniform dielectric constant 1 ; 
k0 and K1 are the wave vectors in the free-space and in the metal respectively; 
d is the separation distance between QD and the nanotip edge; 2  is the 
dielectric constant of the projection, 
'
pl  is a constant related to 1  and 2  









  (4.7) 
For the investigated cases in the present study, ε1=1.77, d=6 nm, and 
i8.342  . To match the projection shape, v was specified to be 0.9. Our 
calculation showed that the Purcell factor P=Γpl/(Γrad+Γnon-rad) can reach 
approximately 1360, indicating that the plasmon decay rate dominates over the 
other two. In addition, as the fluorescence photons couple with the plasmon 
resonance, the propagation of coupled photons along the PS-AuNP may lead 
to thermal energy loss, which can attribute to the detected fluorescence 




4.3.3 Scattering properties of single SAuNP-QDs, AuNR-QDs and 
PS-AuNP-QD system 
   In this section, we use dark field microscopy to study the scattering 
properties of single particle SAuNP-QDs, AuNR-QDs and PS-AuNP-QD 
system. Also, electromagnetic simulations of their plasmonic resonances are 
studied utilizing FDTD method.  
  Figure 4.9 shows the similarity in the optical properties between an 
ensemble of SAuNPs and a single SAuNP. The aqueous colloidal suspensions 
show a homogeneous extinction spectrum with maximum at 508 nm (Figure 
4.9 a inset), 520 nm (Figure 4.9 b inset), and 540 nm (Figure 4.9 c inset), 
corresponding to diameter of 11 nm, 25 nm and 45 nm, respectively. In 
comparison, the single particle counterparts show well-defined maxima in 
their scattering spectra at almost the same wavelength, indicative of 





Figure 4.9 Single particle scattering spectra of 11nm SAuNP (a), 25 nm 
SAuNP (b), 45 nm SAuNP (c). The inset images shows the corresponding 
ensemble solutions’ UV-Vis absorption spectra  
In the following, we present the results of the experimental and calculated 
scattering spectra of SAuNP-QD with increasing diameters of SAuNP in the 
complex. Figure 4.10 shows the experimentally measured scattering spectrum 
and corresponding TEM image of a representative 11 nm SAuNP-QD. Two 
scattering peaks located at 530 nm and 600 nm can be clearly observed. Also, 
a shoulder around 500 nm can also be observed. In these two peaks, the one 
centered on 530 nm can be interpreted as the fluorescence from the conjugated 
QD because it is consistent with the emission peak measured. On the other 
hand, according to plasmon hybridization model, the other two observed 
scattering modes can be understood by considering interactions between the 
plasmon associated with the AuNP and the nearby QD dipoles. In this 
complex, a QD plays the role of quantum emitter, whereas the AuNP plays the 
role of amplifier or damper. To elucidate how the new scattering peaks emerge, 
we performed FDTD calculations to pick up the different plasmon resonance 
modes. In the calculation, the QD was modeled as CdSe spheres with 5 nm in 
diameter, and its dielectric function was modeled as Lorentz line-shape 





with Qnr the emitter’s non-radiative Q factor (Qnr≈10). The Lorentz 
permittivity represents the proportional constant between the emitter’s 
emission peak and the effective plasma frequency of photoexcited carriers, 
which can be determined by the population inversion (f≈-0.023). Meanwhile, 
the distance between QD and AuNP surface is fixed as 6 nm according to the 




Figure 4.10 Experimental scattering spectrum and TEM image (inset) of 
an 11 nm SAuNP-QD complex 
Figure 4.11 shows the FDTD simulation results of the 11 nm AuNP-QD 
conjugate when excited using different light source modes. When the 
excitation light is in TM mode (transverse magnetic, the electric component is 
along the symmetry axis, Figure 4.11 a), two modes centered at 605 nm and 
510 nm can be excited. When the excitation light is in TE mode (transverse 
electric, the electric component is perpendicular to the symmetry axis, Figure 
4.11 b), one modes centered at 540 nm can be excited. The 605 nm strong 
scattering mode agrees perfectly with the experimentally measured 600 nm 
one. Other two peaks around 510 nm and 540 nm also agree well with the 
experimental results. The deviation of the calculated peak positions from the 
experimental results can be attributed to the imperfect modeling of the gold 
nanoparticle and QD. In the simulation, a Lorentz function was employed to 
describe the dielectric function of CdSe (see equation 4.2), in which the 
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assumption that the effective plasma frequency of the photoexcited carriers is 
proportional to the emitter’s emission peak is just a simplification of real 
situation.  
  To understand the mode distributions of the studied structure, numerical 
simulations were performed to calculate the electric-field-intensity 
distributions at the resonance wavelength. Figure 4.11 shows the 2D electric 
field distributions for both the TM mode at wavelength of 605 nm and 510 nm 
(d and e) and TE mode at 540 nm (f). Compared with the electric field 
distribution of 11 nm SAuNP illuminated at the wavelength of 510 nm using 
TM mode incident light without QD (c), the TM mode at 605 nm shows two 
interesting differences. First of all, stronger electric field enhancement can be 
observed when QDs are present. Also, the electric field distribution inside the 
SAuNP is not uniform any more as shown in Figure 4.11 (c). This is the 
evidence that the mode centered at 605 nm is generated by the interaction of 
surface plasmon mode coming from AuNP and the emission from QD. On the 
other hand, the TM mode at 510 nm (e) shows electric field distributions 
similar to Figure 4.11 (c) which is a typical dipole-like plasmon
30
 (see Ref 30, 
supporting information). Similarly, under TE mode, the mode located at 540 
nm (f) is actually generated by the AuNP’s dipole-like plasmon. However, the 
presence of QD also changes the electric field distributions inside the SAuNP 
compared with the same situation without QD. The dipole-like mode at 540 
nm is slightly different from the one at 510 nm (without QD). As shown in the 
E-field at 540 nm, the inside field of AuNP is caused by the presence of QD. 




Figure 4.11 FDTD calculated scattering spectrum of 11 nm SAuNP-QD 
complex under TM (a) and TE (b) mode and the corresponding electric 
field distributions at xy plane under each resonance peak: 605 nm (d), 510 
nm (e), and 540 nm(f). (c) shows the electric field distributions of 11 nm 
SAuNP at its resonance wavelength (510 nm) 
  Figure 4.12 shows the experimentally measured scattering spectrum and 
corresponding TEM image of a representative 25 nm SAuNP-QD. Three 
scattering peaks located at 490 nm 530 nm, and 615 nm can be clearly 
observed. The resonance peaks are very similar to those for 11 nm 
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SAuNP-QD, implying that the interactions between SAuNP with these two 
sizes and QDs are similar.  
 
Figure 4.12 Experimental scattering spectrum and TEM image (inset) of 
an 25 nm SAuNP-QD complex 
  Figure 4.13 a and b show the calculated scattering spectrum of SAuNP-QD 
excited by TM (a) and TE (b) mode, respectively. We can see that when the 
electric field is in the symmetric axis of SAuNP and QD, two resonance peaks 
centered at 615 nm and 510 nm can be excited. The higher wavelength peak at 
615 nm matches the experimental one located at 615 nm , while the one at 
shorter wavelength close to the experimental one at 490 nm . The electric field 
distribution collected at 615 nm indicates that the interaction between QD and 
SAuNP altered the electric field compared with the situation without QD 
(Figure 4.13 c). The electric field distributions indicate that the multipole 
scattering plays an important role at this wavelength
19
. On the other hand, the 
electric field distribution at 510 nm shows the dipole-like scattering associated 
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with the resonance. Comparing between Figure 4.13 e with Figure 4.12 e, we 
can see that the electric field inside the SAuNP becomes stronger in 25 nm 
SAuNP,  implying that the multipole scattering becomes more important in 
this situation
30
. When the excitation is in TE mode, one calculated scattering 
peak located at 535 nm can be observed. This peak agrees well with the 
experimental one centered at 530 nm. Figure 4.13 f shows the electric field 
distributions at this wavelength, indicating that dipole-like scattering plays the 




Figure 4.13 FDTD calculated scattering spectrum of 25 nm SAuNP-QD 
complex under TM (a) and TE (b) mode and the corresponding electric 
field distributions at xy plane under each resonance peak: 610 nm (d), 510 
nm (e), and 540 nm(f). (c) shows the electric field distributions of 25 nm 
SAuNP at its resonance wavelength (525 nm) 
  Figure 4.14 shows the experimentally measured scattering spectrum and 
corresponding TEM image of a representative 45 nm SAuNP-QD. Two 
scattering peaks located at 520 nm and 605 nm can be clearly observed. 
Compared with 11 nm and 25 nm SAuNP-QD, the scattering peak around 540 
nm cannot be observed in 45 nm SAuNP-QD. This may be caused by the 
stronger interaction between 45 nm SAuNP and QDs According to published 
reference
30
, the dipole oscillation strength (dipole moment) of metallic 
nanoparticle normally becomes stronger as the size becomes larger. The 
dipole-dipole interaction, which can result in radiation energy transfer, also 




Figure 4.14 Experimental scattering spectrum and TEM image (inset) of 
an 45 nm SAuNP-QD complex 
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  In Figure 4.15 a and b, the calculated scattering spectra of 45 nm 
SAuNP-QD are shown. When the complex are excited by a TM mode, a 
resonance peak centered at 605 nm can be excited (a), while a peak at 506 nm 
can be excited when the excitation is in TE mode (b). The electric field 
distribution at longer wavelength clearly shows the presence of QD causes the 
electric field inside the SAuNP to be not uniform, and the electric field 
enhancement is almost as high as that near the surface. This phenomenon 
clearly shows that the interaction between SAuNP and QD changes the charge 
distributions of the SAuNP. So the scattering modes also changes dramatically. 
The electric field distribution at shorter wavelength also shows that the electric 
field enhancement inside the SAuNP is comparable with that near the surface. 
It indicates that this scattering peak is also caused by the multipole formed by 
the interactions between SAuNP and QD
31
.  
  A short summery is made here to describe the single particle scattering 
properties of SAuNP-QD complex. According the mentioned experimental 
and calculated results, we can see that the presence of QD significantly alters 
the electric field distributions of the SAuNP, which results in the charge 
distributions different from the situation without QD. The changing in electric 
field distributions becomes more and more obvious as the increasing in 
SAuNP sizes. This confirms with the published results that the bigger metallic 
particles have larger dipole moment
15
. Also, theoretical calculations also 
indicate that the multipole components in coupling between exciton and 
plasmon at small distance become important. These multipole components can 
result in asymmetric scattering line-shape or anti-resonances
17
. Another thing 
worth mentioning is that the scattering spectrum seems insensitive to the 





Figure 4.15 FDTD calculated scattering spectrum of 45 nm SAuNP-QD 
complex under TM (a) and TE (b) mode and the corresponding electric 
field distributions at xy plane under each resonance peak: 610 nm (d) and 
500 nm (e). (c) shows the electric field distributions of 45 nm SAuNP at its 
resonance wavelength (540 nm) 
Gold nanorod (AuNR) shows two dipolar modes in electromagnetic field 
(Figure 4.16 a): longitudinal mode, corresponding to the oscillation of free 
electrons in the longer dimension, and transverse mode, corresponding to the 
oscillation in the radius direction. The scattering properties of AuNR-QDs are 
more complicated than SAuNP-QDs system because the exciton in QDs may 
couple with one of the modes from AuNR or both at different polarization of 
incident light. Also, the relative position between QD and AuNR plays an 
important role in the coupling process due to the anisotropic property of 
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AuNR. Last but not least, unlike the situations in SAuNP-QDs system, the 
number of QDs per AuNR becomes important in AuNR-QDs system since the 
symmetry of the complex changes dramatically when more than one QD is 
attached.  
Figure 4.16 b shows the single particle scattering spectrum and the 
corresponding TEM picture of one AuNR-QD complex. From the TEM 
picture we can see that only one QD is attached to the tip of this AuNR. In the 
collected scattering spectrum, an interesting phenomenon is that the 
longitudinal mode of the AuNR splits into two almost identical peaks located 
at 590 nm and 670 nm. The position of the transverse mode remains 
unchanged. Plus, the new peak appears at 535 nm matches the emission of the 




Figure 4.16 Single particle dark field scattering spectrum and 
corresponding TEM images (inset) of one AuNR (a) and one AUNR-QD 
(b). The scale bar in the TEM images is 10 nm.  
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  We modeled the AuNR-QD complex using FDTD method. In the 
simulation, the AuNR is modeled by the combination of two hemispheres 
capping one cylinder. The length of the cylinder and the diameter of the sphere 
are fixed at 35 nm and 10 nm, respectively, which is in order to agree with the 
TEM results. The dielectric functions of Au and QD have been described in 
Section 4.2. Figure 4.17 shows the calculated scattering spectrum of the 
AuNR-QD system excited by TM mode source (a) (electric field aligned with 
the symmetry axis of AuNR-QD) and TE mode source (b) (electric field 
perpendicular to the symmetry axis of AuNR-QD). When the system is 
illuminated by a TM mode source, three peaks located at 490 nm, 570 nm and 
670 nm can be identified. The peaks at 570 nm and 670 nm matches well with 
the two experimental longitudinal peaks, which is the evidence that the 
splitting is caused by the interaction between QD and the longitudinal mode of 
the AuNR. When the system is excited by TE mode source, one broad peak 
centered at 530 nm can be observed. This peaks may be attributed by the QD 





Figure 4.17 Calculated scattering spectrum of AuNR-QD complex using 
FDTD method. (a): the complex is excited by TM mode source. (b) the 
complex is excited by TE mode source 
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  The scattering spectrum changes dramatically when the relative position 
between AuNR and QD is changed. Figure 4.18 shows the scattering spectrum 
and the TEM image of one AuNR-QD complex. In this case, only one QD is 
located on the AuNR side as shown in the TEM image. The scattering 
spectrum shows that the transverse mode splits into two peaks located at 460 
nm and 510 nm respectively. The longitudinal mode with slight blueshift is 
not disturbed much when compared with the original position shown in Figure 
4.16 a.  
 
Figure 4.18 Single particle dark field scattering spectrum and 
corresponding TEM images (inset) of one AUNR-QD. The scale bar in the 
TEM images is 20 nm. 
  The calculated scattering spectrum via FDTD is shown in Figure 4.19. 
When the complex is illuminated under a TE mode source (electric field is 
perpendicular to the long axis of AuNR), three peaks centered at 460 nm, 520 
nm and 660 nm are excited, which match well with the experimental results. 
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When the complex is excited by a TM mode source, one peak located around 
600 nm can be observed, which agrees well with the small peak at 600 nm in 
the experimental result.  
  Another interesting observation from our experiment is that the scattering 
peak wavelengths do not change so much as the QD’s axial location change 
along AuNR. As shown in Figure 4.20, the transverse mode splitting can be 
observed in both scattering spectra although the QD’s axial position is 
different on the AuNR’s side. This may be because this splitting in transverse 
mode is the result of the interaction between the transverse plasmon mode of 
the AuNR and the QD. The transverse mode of the oscillating free electron in 
AuNR does not change much with the axial location. Our simulation result 
(Figure 4.20 c and d) finds that, at the resonance wavelength around 520 nm, 
the electric field distributions for the two AuNR-QD complexes show a 
similar pattern. 
 
Figure 4.19 Calculated scattering spectrum of AuNR-QD complex using 
FDTD method. (a): the complex is excited by TE mode source. (b) the 




Figure 4.20 The comparison between AuNR-QD with different relative 
locations of QD on the AuNR side (a and b). The electric field 
distributions of the complex at xy plane at 520 nm under TE mode are 
calculated using FDTD method (c and d). The scale bar in a and b is 20 
nm.  
  When the number of QD is more than one, the scattering spectrum becomes 
more complicated. Also, the relative positions of QDs could change the 
spectrum dramatically. Figure 4.21 shows the scattering spectrum of two 
AuNR-QDs with different QD locations. In Figure 4.21 (a) we can see 6 peaks 
ranging from 465 nm to 740 nm. With a slight change in QDs’ relative 
positions, as shown in Figure 4.21 (b), the spectrum is changed dramatically: 
with only three peaks left at 515 nm, 575 nm, and 670 nm. The exact 
mechanism of this change is still unknown and worth investigation. 
Unfortunately, our FDTD modeling cannot match our experimental results. It 
implies that the interaction between Au-NR and QD cannot be fully inferred 




Figure 4.21 The comparison between AuNR-QDs with two QDs at 
different relative locations on the AuNR (a and b) and the corresponding 
TEM images. The scale bar in a and b is 20 nm 
 Single particle dark field scattering measurement was also carried out to 
confirm the strong coupling between PS-AuNP and QD. For our PS-AuNP, 
the plasmon modes are relatively complicated. Figure 4.22 shows the plsmonic 
response of a representative PS-AuNP (shown in the inlet picture). One 
doublet scattering peaks around 590-620 nm can be observed from the 
measured scattering spectrum. Surprisingly, different PS-AuNPs shows 
similar scattering patterns only the peak positions were slightly different. The 
modes splitting are mainly caused by coupled plasmons arising from the 
spikes and the core, which has been calculated and confirmed by Nordlander 
and co-workers
1,32
. After conjugation with QDs (shown in the inlet picture), 
the scattering spectrum is shown in Figure 4.22(b). Four different peaks can be 
observed: 460 nm, 620 nm, 670 nm, and 710 nm. In these peaks, the peak 
located at 620 nm can be explained as the overlap between one mode from the 
PS-AuNP and the fluorescence from the conjugation. The two new peaks at 
460 nm and 710 nm can be interpreted from the exciton-plasmon hybridization 
concept
33
. According to published references
29,32
, both gold nanoparticle and 
QD can be modeled as dipole oscillators. The strong coupling between them 
normally can modify the exciton wave function and the surface plasmon 
modes from the gold nanoparticle, which leads to the splitting of energy levels 
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at resonance frequency. In our single particle dark field spectrum, peaks at 460 
nm, 670 nm, and 710 nm are the new formed modes due to this strong 
interaction between exciton and plasmons. This result confirms that the strong 
interaction between PS-AuNP and QD. The model for PS-AuNP mentioned 
earlier in this chapter cannot be used for the scattering calculation, which may 




Figure 4.22. Single particle scattering spectra and TEM pictures (insets) 
of a PS-AuNP (a) and PS-AuNP-QD (b). The scale bars in (a) and (b) are 
both 20 nm.  
 
4.4 Conclusion  
  The optical properties of SAuNP-QDs, AuNR-QDs, and PS-AuNP-QDs 
systems are studied in this chapter. The steady-state fluorescence 
measurements indicate that the emission of QD is significantly altered by the 
presence of AuNPs. We observed fluorescence enhancement and emissions at 
different wavelengths compared with pure QDs solution. Especially in the 
PS-AuNP-QD system, the fluorescence enhancement factor can be as high as 
192, which is the highest value ever reported. Also, the emission wavelength 
red-shifts about 95 nm, which makes the solution’s color change from green to 
red. This phenomenon can even be observed by naked eyes. An 
electrodynamics calculation suggests that wavelength shift in PS-AuNP-QD  
could be caused by the exciton decaying into plasmon supported by the 
PS-AuNP.  
We also studied the exciton-plasmon interactions in SAuNP-QDs and 
AuNR-QDs single particle system. The presence of QD in the system can 
significantly change the electric field distributions inside and outside the 
SAuNP. This alteration in electric field indicates the change in charge 
distributions of the particle in electromagnetic field. More scattering modes 
can be observed compared with just dipolar modes in SAuNP without QD. 
Our simulation results find that the polarization of incident light plays an 
important role in the interaction process.  This is also the case in AuNR-QDs 
system. However, the scattering situation becomes more complicated in 
AuNR-QD system. The relative location of QD to AuNR is an important 
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factor. Both experimental and simulation results suggest that the exciton will 
interact with the longitudinal plasmon mode of AuNR if the QD is located at 
the tip of the AuNR. On the other hand, the exciton couples with the 
transverse mode of AuNR if the QD is on the AuNR’s side. This coupling will 
cause mode splitting in the spectrum. In addition, the scattering property is 
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Chapter 5 Protein Detection Based on PS-AuNP-QD Conjugate 
5.1 Introduction 
  According to modern definition, biosensors are analytical devices 
comprising a biological or biologically derived sensing element either 
integrated within or intimately associated with a physicochemical transducer
1-3
. 
The two broad classes of sensing elements are catalytic (enzymes, 
microorganisms, tissue slices and biomimetic catalysts) and affinity-based 
(antibodies, nucleic acids, receptor proteins and synthetic receptors). These 
highly selective and sensitive sensing elements yield continuous or 
discontinuous electronic signals reflecting the concentration of an analyte or a 











 transducers. The transducer is an 
important component in a biosensor through which the measurement of the 
target analyte(s) is achieved by selective transformation of a 
biomolecule-analyte interaction into a quantifiable electronic or optical signal. 
A wide range of optical and electrochemical instruments have been employed 
in conjugation with biological sensing. Selection of an appropriate analytical 
system for a given analyte depends on the specific requirements such as 
analytical performance, detection limits, sensitivity, reproducibility and cost of 
the measurements.  
The concept of gold probe biochemical sensor originated more than 40 
years ago when Bloomfield devised a colloidal gold test for plasma protein
9
. 
Since then, numbers of gold colloid based sensors have been reported. Gold 
nanoparticles are capable of sensing a wide range of physiologically relevant 
small molecules including carbohydrates, amino thiol bio-markers, and DNA. 
Gold nanoparticle-based sensors have also proven useful for a variety of 
protein applications such as accessing protein structure and the detection of 
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various protein-based analytes, including platelet-derived growth factors, 
steptavidin, and cholera toxin.  
  In general, the utility of gold nanoparticles as biochemical colorimetric 
sensor is based on exploiting the appropriate biochemical mechanism in order 
to stimulate nanoparticle assembly
10
. Accordingly, it is often necessary to 
functionalize the particles with affinity ligands in order to achieve 
analyte-specific nanoparticle self-assembly. However, the mechanism of gold 
nanoparticle-based sensing comes from the effect of dielectric environment 
change on the property of LSPR; some bulky affinity ligands may reduce the 
effect and then affect the sensitivity of this type of sensor. It is necessary to 
introduce more sensitive methods other than LSPR. The richness of the optical 
response of a metallic nanostructure of a given shape depends in the first 
instance on its characteristic size d. In the quasi-static regime, with d much 
smaller thanλ,where λis the wavelength in the surrounding dielectric, the 
nanostructure shows mainly dipole-like response, like LSPR. In order to 
enhance the signal-to-noise ratio, metallic nanoparticle arrays are normally 
employed. Until now most commercialized biomolecular sensors are based on 
chips which have metallic nanoparticles immobilized on.  
  The other type of biomolecular sensor which is worthy to mention is FRET 
sensor based on the fluorescent resonance energy transfer (FRET) effect
11
. 
The FRET effect, discovered over a century ago, describes the dipole-dipole 
coupling between two dye molecules when the distance between them is 
sufficiently small. A donor chromophore, initially in its electronic excited state, 
may transfer energy to an acceptor chromophore through nonradiative 
coupling. The efficiency of this energy transfer is inversely proportional to the 
sixth power of the distance between the donor and the acceptor making FRET 
extremely sensitive to small distance. One widely used configuration is shown 
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in Figure 5.1. The linkage peptide between the donor, normally an organic dye, 
and the acceptor (another dye or metallic particle) can be cut by the target 





Figure 5.1. Schematic illustration of QD-FRET nanosensor for analysis of 
enzyme activity. a) QD-FRET sensor for the study of protease. b) 
QD-FRET sensor for the study of protein kinase. c) QD-FRET sensor for 
the study of DNA polymerase 
3
. 
  From Chapter 4, it has been evident from our experimental findings that 
changes in the fluorescence properties of QDs are sensitive to the local electric 
field environment resulting from the surface plasmon resonance of the nearby 
metallic nanoparticles. In principle, besides the distance between the QD and 
PS-AuNP, the field enhancement can be affected by the dielectric parameters 
of the local medium. Based on this fact, we postulated that binding protein 
molecules onto PS-AuNP-QDs can change the local dielectric parameters and 
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affect the fluorescence properties of the nearby QD. The experiment 
procedures are illustrated in Figure 5.2.  
 
Figure 5.2. Experimental procedures for avidin sensor based on 
PS-AuNP-QD 
 
5.2 Experiment Section 
5.2.1 Synthesis of Biotinylated PS-AuNP-QD 
The chemical used for preparation of the PS-AuNP-QD can be found in 
Chapter 3. The configuration of the sensor is shown in Figure 5.2.The 
biotinylation reaction was carried out as follows: 15.0 mg PS-AuNP-QD was 
mixed with 5.0 mL of 0.1 M MES at pH 5.5 in a 20-mL round-bottom flask to 
form 0.08 nM particle concentration solution. 22.0 mg EZ-Link 
biotin-PEO-amine ((+)-biotinyl-3,6- dioxaoctanediamine (Mw=374.5, Thermo 
Scientific, USA) and 50 mg EDC were then added to the PS-AuNP-QD 
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solution. After being stirred overnight at room temperature, the mixture was 
transferred into a 1-mL Millipore filter tube (centrifugation at 2100g), to 
purify the biotinylated PS-AuNP-QDs.  
 
5.2.2 Avidin Detection Based on Biotinylated PS-AuNP-QD 
 Avidin (Mw=66,000, Invitrogen) binding experiments were carried out at 
0.08 nM and 0.24 nM particle concentration of biotinylated PS-AuNP-QDs in 
buffer solution. After avidin addition, the solutions were stirred for 30 minutes 
in dark before optical characterization. The PL measurements were carried out 
using the same PL spectrophotometer mentioned in Chapter 4.  
 
5.2.3 Attachment of Immunoglobulin G (IgG) onto the Surface of 
PS-AuNP-QD 
  The reaction is similar to the synthesis of biotinylated PS-AuNP-QD. In a 
typical reaction, 15.0 mg PS-AuNP-QD is mixed with 5.0 mL of 0.1 M MES 
at pH 5.5 in a 20-mL round-bottom flask to form 0.08 nM particle 
concentration solution. Then IgG solution (Life Technologies, USA) is added 
into the reaction solution and the final IgG concentration is fixed at 0.8 nM. 
After that, 50 mg EDC is added into the solution and stirred under room 
temperature for 7 hours. Finally, the mixture was transferred into a 1-mL 





5.2.4 E. Coli Bacteria Detection Based on PS-AuNP-QD-IgG 
  The E. Coli bacteria suspended in culture medium is cultured according 
to the protocols obtained from Thermo Scientific (USA). The bacteria 
concentration in the suspension is counted using optical microscopy and 
converted using the data offered by the same company. The 
PS-AuNP-QD-IgG particle concentration is fixed at 0.08 nM for the detection 
experiments. After E. Coli addition, the solutions were stirred for 1 hour in 
dark before optical characterization. The PL measurements were carried out 
using the same PL spectrophotometer mentioned in Chapter 4. 
 
5.3 Results and Discussions 
 
5.3.1 Avidin Detection Based on Biotinylated PS-AuNP-QD 
It has been evident from our experimental findings that changes in the PL 
property of QDs are sensitive to the local electric field enhancement resulting 
from the surface plasmon resonance of the nearby metallic nanoparticles. In 
principle, the field enhancement can be affected by the dielectric parameters of 
the local medium and the distance between QD and PS-AuNP. Binding of 
avidin to biotinylated PS-AuNP-QD was investigated as illustrated in Figure 
5.2. Conjugated avidin molecules can change the local dielectric parameters 
and the gap size between QD and PS-AuNP, and is expected to affect the 
fluorescence properties of the nearby QDs.  
When the concentration of biotinylated PS-AuNP-QD is low (0.08 nM in 
particle concentration), the fluorescence spectra at different concentrations of 
added avidin are shown in Figure 5.3. At this particle concentration, the 
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detectable concentration range for avidin is about 2.5-10 ng/ml, beyond which 
no significant fluorescence change can be observed. The detection sensitivity 
of avidin is about 3.5 ng/ml.  




































Figure 5.3. Fluorescence intensity change of biotinylated PS-AuNP-QD 
at 0.08 nM during the addition of avidin. The avidin concentration is (a) 0 
ng/mL, (b) 2.5 ng/mL, (c) 6.5 ng/mL and (d) 10 ng/mL. 
When the concentration of biotinylated PS-AuNP-QD is increased 3-fold to 
0.24 nM, the detectable concentration range of avidin changes to 0.1-2.9 ng/ml 
with the sensitivity equal to about 0.4 ng/ml. The spectra are exhibited in 
Figure 5.4. A further increase in the avidin concentration unfortunately results 
in undesirable precipitation. What is more interesting is that the emission 
wavelength will shift back to the value of the original QDs at high enough 
concentrations of avidin. As seen in Figure 5.3 and 5.4, the critical 
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concentrations for such a shift are 10 ng/ml and 0.9 ng/ml for 0.08 nM and 
































































Figure 5.4. Fluorescence intensity change of biotinylated PS-AuNP-QD 
at 0.24 nM during the addition of avidin. The avidin concentrations are (a) 
0 ng/mL, (b) 0.1 ng/mL, (c) 0.5 ng/mL, (d) 0.9 ng/mL, (e) 1.3 ng/mL, (f) 1.7 
ng/mL, (g) 2.1 ng/mL, (h) 2.5 ng/mL, and (i) 2.9 ng/mL. 
As known, each avidin molecule has four identical binding sites for biotin. 
When the particle concentration of biotinylated PS-AuNP-QDs is low, the 
average distance between two different conjugates is large and the probability 
of their encounter is low. Therefore, the biodin-avidin binding hardly involves 
different PS-AuNP-QDs to render aggregation/precipitation. Namely, the 
avidin molecules bind to individual biotinylated PS-AuNP-QD particles 
without aggregation, changing the local dielectric constant, and hence leading 
to the decrease of fluorescence intensity and shifting in wavelength as shown 
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in Figure 5.3. This behavior persists until all the binding sites on biotinylated 
PS-AuNP-QDs are occupied by avidin. After that, further addition of avidin 
cannot significantly affect the fluorescence of the PS-AuNP-QDs.  
At high enough concentrations of biotinylated PS-AuNP-QD, the added 
avidin molecules can act as cross-linkers connecting different conjugates via 
different binding sites as the encounter probability is increased. The crosslink 
of different conjugates is more sensitive to the added amount of avidin 
because the cross linking between PS-AuNP-QD particles can shorten the 
distance between particles, and more hot spots could be formed. The cross 
linked conjugates can be verified by TEM pictures (Figure 5.5). So the 
attachment of avidin can generate more disturbances to the electromagnetic 
field. When the average size of the aggregates is too big, precipitates can be 
formed, as observed in our experiments.  
 
Figure 5.5. FETEM images of aggregated PS-AuNP-QD. Scale bar of: 
200 nm. 
To broaden the sensor’s applicability, it is important to examine if the 
fluorescence intensity change can be discerned in biological environments 
without incurring much interference. We therefore tested the sensor 
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performance in 0.1 nM human blood serum, as opposed to pure water. The 
spectra were monitored for approximately 5-8 min until they stopped changing. 
The same experiment was conducted at least 5 times for each case. Figure 5.6 
A and B shows the PL spectra at various avidin concentrations and 0.24 nM 
conjugates, and the concentration dependence is qualitatively similar to that in 
water. The addition of avidin leads to a decrease in fluorescence intensity. 
When the concentration of avidin is higher than 0.33 ng/ml, the emission peak 
shifts back to 540 nm, and its intensity continues dropping with increasing 
avidin concentration. Figure 5.6 C plots the peak emission intensity as a 
function of avidin concentration ranging from 0.1 to 0.7 ng/ml. From this 
figure, we can see that the biotinylated PS-AuNP-QD still perform well in the 
interference of serum protein. The sensitivity of the biotinylated PS-AuNP-QD 
in 0.1 nM human blood serum solution can reach about 0.1 ng/ml. The 
sensitivity improvement in human blood serum may be justified as follows. 
First, the ion strength of the serum can screen electrostatic repulsion between 
the particles and proteins, making their conjugation easier. Second, the 
presence of serum proteins can change the dielectric function of the medium, 
















































































 Figure 5.6. Fluorescence intensity change of biotinlated PS-AuNP-QD at 
0.24 nM during the addition of avidin in 0.1 nM human blood serum 
solution (A and B). The avidin concentration is (a)-(g) are the PL 
spectrum of biotinylated PS-AuNP-QD in human blood serum solution 
(0.1 nM) when the added avidin concentrations are (a) 0, (b) 0.1 ng/mL, (c) 
0.21 ng/mL, (d) 0.33 ng/mL, (e) 0.46 ng/mL, (f) 0.58 ng/mL, and (g) 0.70 
ng/mL. (C): Plot of PL intensity changes at various avidin concentration 
in 0.1 nM human blood serum solution. The PL intensity of each sample 
was collected in 10-15 minutes after the addition of avidin. Every sample 
was tested for 5 times and the average value is used. Red line shows the 
linear fit of the data. 
 
5.3.2 E. Coli Bacteria Detection Based on PS-AuNP-QD-IgG 
  The mechanism of our sensor, as described before, is based on the PL signal 
change caused by the attachment of analyte molecules onto the surface of 
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PS-AuNP-QDs. So the size of the linker molecules on the particle plays an 
important role in the detection. In order to test the capability of our sensor 
when bigger linker molecules, such as antibodies, are used, IgG antibody is 
employed to detect E. Coli bacteria.  
Figure 5.7 shows the zeta potential change of IgG (a) and 
PS-AuNP-QD-IgG (b) under different pH values. As seen from the figure, the 
zeta potentials of IgG and PS-AuNP-QD-IgG show similar values and trend in 
different buffer solutions,  indicating that the the IgG antibodies have been 









Figure 5.7 The zeta potential change of IgG (a) and PS-AuNP-QD-IgG (b) 
in different buffer solutions (pH values are 5.5, 6.7, 7.8, and 8.3, 
respectively) 
The effect of IgG on the PL intensity of PS-AuNP-QD-IgG is shown in 
Figure 5.8. Line a represents the PL profile of PS-AuNP-QD, while line b 
represents the PL profile of PS-AuNP-QD-IgG measured at the same 
concentration and conditions. From Figure 5.8 we can see that the presence of 
IgG slightly reduced the PL intensity of PS-AuNP-QD.  

































Figure 5.8 The PL profiles of PS-AuNP-QD (a) and PS-AuNP-QD-IgG (b). 
The measurements are carried out at the particle concentration of 0.08 
nM in water.  
  The presence of IgG on the particles can significantly enhance the 
conjugation capability between the particles and the E. Coli bacteria. Figure 
5.9 shows the comparison between PS-AuNP-QD/E. Coli and 
PS-AuNP-QD-IgG/E. Coli system. Clearly, more particles are attached to the 
bacterial surface for the latter. 
 
Figure 5.9 TEM images of PS-AuNP-QD/E. Coli (a) and 
PS-AuNP-QD-IgG/E. Coli. The scale bars in the picture a and b are 500 
nm and 200 nm, respectively.  



























  The experiments for detection of E. Coli are carried out in PBS buffer 
(pH=8.3) and the particle concentration is fixed at 0.08 nM. When the bacteria 
concentration becomes larger, the PL intensity becomes lower (Figure 5.10). 
An interesting phenomenon is that the color of the solution changes from red 
to green when the added bacteria’s concentration is higher than 106 per mL. 
The PL intensity change may be explained as follows. When the concentration 
of bacteria is increased, more particles bind to microorganisms, leaving fewer 
free particles in the solution. As such, the average dielectric environment 
change per particle is larger, thereby leading to a greater reduction in PL 
intensity.  From Figure 5.10, we can see that PS-AuNP-QD-IgG respond well 
to the concentration change of added bacteria. So our sensor can be applied in 
detection when big molecules such as antibodies are used as linker molecules.  























Figure 5.10 PL profiles of PS-AuNP-QD-IgG/E. Coli solutions. The 
particle concentration is fixed at 0.08 nM. The E. Coli concentrations in 
the solutions are a: 0, b: 100 per mL, c: 10
3
 per mL, d: 10
4
 per mL, e: 10
5
 
per mL, f: 10
6
 per mL, g: 10
7
 per mL and h: 10
8




5.4 Conclusion  
Because the fluorescence property change of PS-AuNP-QD is sensitive to 
the local electric field and dielectric environment, an avidin sensor was 
developed based on biotinylated PS-AuNP-QD. The sensitivity for avidin 
detection can reach 0.4 ng/ml and 0.1 ng/ml in ultrapure water and human 
blood serum solution, respectively. Bigger linker molecules like IgG was also 
tested based on PS-AuNP-QD. E. Coli bacteria can be detected, which 
confirms that our system can also applied when large molecules such as 
antibodies are used as linker molecules. Thus, it is very promising to apply our 
sensing system to quantitative analyses and high throughput screening of other 
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Chapter 6 Strong Surface-Enhanced Raman Scattering Signals 
of Analytes Attached on PS-AuNP-QD and the Application in 
Protein Structure Studies  
6.1 Introduction 
Raman scattering occurs during inelastic collision of photons with 
molecules. During this scattering process, photons can gain or loss energy to 
the molecule they collide with, leading to a change in the frequency. The 
frequency shift of the incident photons is related to the characteristic 
molecular vibrations. Therefore, several different Raman lines are generated 
during the scattering, providing a vibrational “fingerprint” of the molecule1. 
Using Raman scattering to detect molecules and molecular interactions 
especially for biomolecules has two outstanding advantages. First of all, there 
is no need to tag the target molecules unlike currently used fluorescence 
method. In addition, the fingerprint spectrum obtained by Raman scattering 
can give us rich molecular structure information. For some biomolecules like 
proteins, the functions are highly dependent on their conformational changes. 
Therefore, Raman scattering provides an ideal method for monitoring the 
protein conformation dynamic in cellular systems
2
.  







 per molecule. Even in resonance 







per molecule. For comparison, fluorescence spectroscopy normally has 








. So, the 
intensity of Raman scattering signals must be enhanced in order to have 
practical applications. In 1977, surface enhanced Raman scattering (SERS) 
was first discovered by Van Duyne and Jeanmaire
4,5
. In the past few decades, 
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SERS has become a hot research area. The sensitivity of SERS has been 
proven  for research at single molecule level
3
. It has been widely accepted 
that the SERS phenomenon is caused by two different effects
6
. First of all, the 
electromagnetic field enhancement caused by metallic structures plays the 
dominant role. According to Kneipp’s work7, the scattering power of SERS 
(PSERS) can be expressed as follows (also illustrated in Figure 6.1):  





    (6.1) 
where N is the number of molecules involved in this process; IL is the intensity 
of the incident light; A(υl)and A(υs) express the local enhancement factors for 
the laser and for the Raman scattered field, respectively; σads
R 
is the Raman 
cross-section of the molecules. In low frequency region, A(υl) and A(υs) can 
be taken as the same. So, PSERS is proportional to the fourth power of the field 
enhancement factor. The other effect is called chemical or electronic 
enhancement associated with electronic coupling between molecules and 
nearby metal.  
 
Figure 6.1. Surface enhanced Raman Scattering. Molecules (blue) are 
absorbed onto metal nanoparticles (orange) either in suspension or on 
surfaces. As in ordinary Raman scattering, the SERS spectrum reveals 
molecular vibration energies based on frequency shift between the 
incident (green) and scattered (red) laser light. 
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  In the past few decades, reports on detection of protein conformation 
dynamic using SERS are still rear. The reason for this is probably that strong 
SERS is normally observed in metallic nanoparticle aggregates or on metallic 
nanoparticle patterns
8,9
. The development of a method to prepare a smaller or 
single particle based SERS platform would be very useful since smaller 
particles or aggregates are generally preferable in labeling experiments. 
Different approaches have been published recently concerning small 
SERS-sensitive particles. Graham and Smith have developed polymer beads 
that encapsulate silver nanoparticle aggregates
10
. Su et al. at Intel used 
silica-based gold nanoparticles called Nanoplex biotags for virus detection
11
. 
In these applications, organic dye molecules are attached to the surface of the 
metallic nanoparticles to act as reporters. However, structure information of 
molecules other than those dyes cannot be obtained using these methods.  
  In this approach, metal-semiconductor nanoconjugate was prepared and 
applied as SERS substrate. The strong interaction between popcorn-shaped 
nanoparticles (PS-AuNP) and CdSe/ZnS core/shell quantum dots (QD) gives 
rise to strong electromagnetic field enhancement which can result in huge 
SERS enhancement. In our experiment, SERS enhancement factor can be as 
high as 8×10
7
 for 4-mercapobenzoic acid (4-MBA). From finite-difference 
time-domain simulation and electrodynamics calculation, the interaction is 
found to give rise to much higher field enhancement than in the case of only 
gold nanoparticle without QD. Further, PEG-modified biotin was attached 
onto the surface of PS-AuNP-QD surface via amide bond. Then vitamin 
binding protein avidin was attached to the PS-AuNP-QD surface through the 
biotin-avidin conjugation. Its SERS spectrum unveiled rich molecular 
vibration information of the conjugation site. Our approach shows the 




6.2 Experiment Section 
  The chemical used for preparation of the PS-AuNP-QD can be found in 
Chapter 3 except for different ligand used during the ligand exchange.  
 
6.2.1 Functionalizing PS-AuNPs with Thiotic Acid (TA) and 
4-Mercaptobenzonic Acid (4-MBA) via Ligand Exchange  
  The as prepared PS-AuNPs covered by CTAB double layers are cytotoxic 
and lack functional groups for bonding with QDs. Therefore, ligand exchange 
was carried out to functionalize PS-AuNP with TA and 4-MBA containing 
carboxyl groups. In a typical experiment, 10 µL of 10 mM TA and 4-MBA 
(molar ratio of 4:1) in ethanol solution was added to 1 ml of the purified 
PS-AuNP solution with the temperature elevated to 50℃. The solution was 
then kept under constant sonication for 30 min, and the temperature was 
finally brought back to 25℃. At this temperature, the solution was sonicated 
for another 2 hours followed by centrifugation at 8000 rpm for 20 min. After 
that, the PS-AuNPs were collected and dried in a vacuum oven for 3 days.  
 
6.2.2 Surface-enhanced Raman spectroscopy for 4-MBA attached on 
PS-AuNP-QD 
  The SERS measurements were carried out in ambient condition. The 
particle concentration for PS-AuNP-QD and PS-AuNP was 0.08 nM. The final 
concentration of 4-MBA in both situation was 2 nM according to the amount 
used during ligand exchange. In order to compare the SERS enhancement 
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factor, 0.16 M 4-MBA was dissolved in methanol and Raman scattering 
signals were collected under the same experiment conditions. The analytical 







  (6.2) 
where ISERS, IRS, CSERS and CRS are the SERS intensity, non-SERS intensity, 
molar concentration under SERS, and molar concentration under non-SERS 
condition, respectively.  
 
6.2.3 Characterization Methods 
  The size and shape of PS-AuNPs or PS-AuNP-QDs were characterized by 
FETEM (JEOL JEM-2100F) operated at 150KeV. A Malvern MD2301 
Zetasizer was used to measure the hydrodynamic size of QDs and the average 
size change after the addition of avidin to the biotinylated PS-AuNP-QD 
solution. The extinction spectra of PS-AuNPs were measured using a 
Shimadzu UV-1700 spectrophotometer. The PS-AuNP concentration was 
measured using the plasmon absorption peak at 580 nm, given that the 







extinction coefficient was measured by using ICP analysis to quantitatively 
determine the gold concentration in nanoparticle solution and nanoparticle 
volume measured by TEM. Raman spectra were measured under ambient 
condition using a LabRam HR800 microRaman spectroscopy system with a 
514.5 nm argon-ion laser. The laser beam was focused by a 50× (NA=0.75) 
objective lens resulting in a spot size of around 2 µm in diameter. The laser 




6.3 Results and Discussions 
 
6.3.1 SERS spectrum of 4-MBA attached on PS-AuNP-QD 
  It has been reported that an effective SERS substrate requires the formation 
of abundant hot spots, which takes place around the nanogaps between 
adjacent metal nanoaprticles
6
. These hot spots show a tremendous 
enhancement effect on Raman signal due to the extremely strong local electric 
field excited in the gaps. In our previous work, we confirmed that the strong 
coupling between QD and the PS-AuNP with small separation distance takes 
place in a way that the emitted photon from QD can directly couple with the 
localized surface plasmon. This strong coupling can also give rise to large 
local electric field enhancement, which was also confirmed by finite 
difference time-domain (FDTD) simulation.  
  To test the Raman-enhancing capability, 2 nM 4-MBA was added to the 
solution during ligand exchange. As shown in Figure 6.2, highly enhanced 
Raman peaks can be observed for 4-MBA attached on PS-AuNP-QD, and the 
peak positions are similar to previous studies
11
, while very weak Raman peaks 
of 4-MBA can be observed in 4-MBA methanol solution even at much higher 
concentration (10
-3
 M). We also compared the Raman-enhancing capability of 
PS-AuNP-QD with the case, where 4-MBA was attached on PS-AuNP 
prepared using the same approach during ligand exchange at the same particle 
concentration. As shown in Figure 6.2, the substrate PS-AuNP-QD provides 
much higher SERS signal than PS-AuNP. These results indicate that 


























Figure 6.2. Raman spectra of 4-MBA attached on PS-AuNP-QD (a); on 
PS-AuNP (b), and in methanol solution at 1mM (c). The particle 
concentration for PS-AuNP-QD and PS-AuNP are both 0.08 nM. The 
concentration of 4-MBA was estimated using the added amount of it 
during the ligand exchange. 
  In order to analyze the role played by the QD in the Raman-enhancing 
behavior, a finite-difference time-domain (FDTD) simulation was employed to 
calculate the electric field enhancement in the presence of QD. The detail 
material modeling can be found in Chapter 4.  From Figure 6.3, we can see 
that the electric field enhancement for the PS-AuNP-QD is almost 10 times 
stronger than just PS-AuNP. This result confirms with our experimental 
results that the PS-AuNP-QD provided much stronger SERS signals of 
4-MBA than PS-AuNP. We therefore can conclude that, compared to gold 
nanoparticles, the extremely high enhancement effect of PS-AuNP-QD based 
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SERS substrate is  associated with the coupling between QD’s emission and 
Au plasmon resonance.  
 
Figure 6.3. The distribution of calculated electric field magnitude (relative to the 
value of the incident light) near the surface of PS-AuNP in PS-AuNP-QD conjugate 
(a) and in PS-AuNP (b). 
  As mentioned in Chapter 4, strong interactions between PS-AuNP and QD 
can take place when the gap size between them is small enough.  Through 
this interaction, also called Purcell effect, the emitted photon from the QD can 
directly decay into the surface plasmon on gold structure
12
. The coupling 
between emitted photon and surface plasmon gives rise to much larger 
oscillating strength of the surface plasmon, which can generate much stronger 
electric field enhancement. Besides the larger electromagnetic enhancement, 
this interaction also makes the small metal nanoparticle highly polarizable
13,14
 





. It is possible that either a predissociative or 
photoelectron-ejection process is accessed in the excited state leading to 
significant transfer of charge to the absorbed 4-MBA and significant 
Franck-Condon overlap with 4-MBA vibrational levels. While the 4-MBA 
stabilizes the PS-AuNP and prevents photodissociation characteristic of gas 
phase Aun, a large excited state charge separation most likely produces the 
109 
 
large oscillator strength, short radiative lifetime, and Raman-enhancing ability 
of the PS-AuNP-QD. 
 
6.3.2 The application of PS-AuNP-QD in avidin structure study 
The extraordinary Raman-enhancing capability can be directly employed in 
protein conformation study. Here we chose biotin as linker to study the 
conformation of avidin because biotin-avidin interaction is the most stable 
non-chemical bonding. The good stability is mainly caused by the unique 3D 
structure of the avidin. In each avidin molecule, there are four identical 
sub-structures, each of which is comprised by eight antiparallel β-strands 
forming a classical β-barrel. Inside the β-barrel, the environment is 
hydrophobic due to the hydrophobic side groups. In the presence of avidin, the 
hydrophobic head of biotin inserts into its β-barrel, where strong hydrophobic 
interaction takes place. Besides, the hydrophilic tail of biotin can form 
hydrogen bonding with the loop strands between β-strands, thereby further 
strengthening the interaction between them
19




Figure 6.4. Monomeric avidin (displayed as ribbon diagram) with bound 
biotin (displayed as spheres) 
In our approach, biotin was attached to the surface of PS-AuNP by reaction 
between EZ-Link biotin-PEO-amine ((+)-biotinyl-3,6- dioxaoctanediamine 
(Mw=374.5, Thermo Scientific, USA) and the carboxyl group on PS-AuNPs. 
After adding avidin in the biotinylated PS-AuNP-QD solution, the SERS 




Figure 6.5. SERS Spectra of biotin-avidin complex on the surface of 
PS-AuNP-QD in aqueous solution. The particle concentration of 
PS-AuNP-QD was 0.24 nM.  
  In Figure 6.5, vibration signatures from hydrophobic residues in 
phenylalanine or tryptophan can be observed. For example, the peaks at 1002 
cm
-1
 and 1030 cm
-1
 (blue circles) correspond to the ring vibrations from the 
benzene residue in phenylalanine
20





 (black circles) arise from the ring breathing in tryptophan
20
. All 
of these peaks confirm that the hydrophobic interaction plays an important 
role in the biotin-avidin interaction. In addition, the strong peak at around 
1260 cm
-1
 (purple circle) normally is assigned to the amide group vibration in 
β-sheet, which is also consistent with the β-barrel conformation near the 
interaction site
21
. Last but not least, a COO stretching peak at around 1430 
cm
-1
 (red circle) can also be observed in Figure 6.5. This hydrophilic group 




















maybe relates to the hydrogen bonding formed between the tail of biotin and 
the loops between different β-strands in avidin molecule20.  
 
6.4 Conclusion 
  We have demonstrated that conjugates between PS-AuNP and QD can be 
synthesized and show distinguished Raman-enhancing capability. The 
enhanced local electric field is believed to be the primary factor for the 
observed SERS phenomenon. Our FDTD calculation results confirm that 
assumption. The strong interaction between PS-AuNP and QD plays an 
important role in SERS. In addition, the Raman-enhancing ability of the 
PS-AuNP-QD has been successfully used to detect the confirmation of avidin 
using biotin as linker. The rich vibrational information of the attached avidin 
indicates the 3-D structure near the conjugate surface. Our PS-AuNP-QD has 
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Chapter 7 Conclusion and Future Work 
 
  In the thesis, we have both experimentally and theoretically investigated 
optical properties of gold nanoparticle-QDs (AuNP-QDs) complexes and the 
potential applications in protein detection and surface enhanced Raman 
scattering (SERS). 
  For the synthesis of AuNP-QDs complex, we first prepared AuNPs in 
different shapes including sphere with different diameters, nanorods (AuNRs), 
and popcorn-shaped nanoparticles (PS-AuNPs). After that, ligand-exchange 
reactions are carried out to replace the original ligands on AuNP with thiotic 
acid (TA) or SH-PEG-COOH, For AuNRs and PS-AuNP-QDs, the tight 
absorption layers of CTAB which is used as surfactant template in 
shape-forming is replaced by SH-PEG-COOH via phase-transfer 
ligand-exchange process. This process successfully removed the toxic CTAB 
completely and functionalizes the surface of AuNR and PS-AuNP with 
carboxyl groups with high group density, which is confirmed by the zeta 
potential results. This result has potential applications in biosensor and 
particle-tracking studies. After functionalized with carboxyl groups, the 
AuNPs are reacted with amine-functionalized QDs in the presence of EDC 
and NHS. Both TEM and dynamic light scattering results confirm the 
formation of AuNP-QDs complex.  
  The optical properties of AuNP-QDs are first characterized by steady-state 
photoluminescence measurement. From the results we can observed that the 
emission property of QD are significantly modified by the nearby AuNP. Both 
fluorescence enhancement and emission wavelength shift can be observed. We 
believe that dipole-dipole interaction between plasmons on AuNP and 
excitons in QD has importance consequences.  The plasmon resonance from 
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AuNPs can dramatically enhance the local electric field, which affects both the 
absorption and emission of the QD in vicinity. In addition, the dipole-dipole 
interaction between plasmon and exciton can cause the flow of energy 
between them just like FRET effect. That may explain the emission 
wavelength shift because exciton may gain or loss energy in the interaction 
process. Especially, the PS-AuNP-QDs system shows extremely high 
fluorescence enhancement factor (as large as 192) and unexpected emission 
wavelength shift (95 nm). Our simulation results shows the fluorescence 
enhancement factors of the complex are associated with the local electric field 
enhancement factors, similar to the behavior from published computation 
finding. On the other hand, electrodynamics calculation shows that exciton 
appears to decay primarily into plasmon, which is a new decay channel 
compared with the original QD. This new decay channel is speculated to play 
two roles in the decay process. Firstly, it enhances the decay rate of QD, 
thereby increasing the fluorescence intensity. Secondly, the decayed photon 
energy is scattered at the tip of the PS-AuNP, during which some energy 
dissipates from the intrinsic loss of the propagating plasmon. This could lead 
to the red-shift of the emission wavelength.  
In order to investigate the plasmon-exciton interactions in more detail, 
single particle scattering experiments are carried out. Correlating the 
experimental observation of the single particle scattering with the FDTD 
simulation, we find that the presence of QD significantly changes the electric 
field distributions at the resonance wavelengths. This behavior implies a 
change in the charge distributions at the surface, which may explain the 
scattering spectrum of the complex. The simulation results also suggest that 
the polarization of incident light also affects the interactions. According to the 
simulation results, strong interaction takes place when the electric component 
of the incident electromagnetic field is parallel to the symmetric axis of the 
117 
 
complex. The situation becomes more complicated in AuNR-QD system due 
to the anisotropic property of AuNR. Our research reveals that the relative 
positions between QD and AuNR in the complex significantly affect the 
scattering properties. When the QD is at the tip of the AuNR, the longitudinal 
mode of the AuNR splits into two peaks with almost identical intensity. On the 
other hand, the transverse mode of the AuNR separates into two peaks with 
similar intensity when the QD is on the side of the rod. The simulation results 
indicate that the exciton interacts with longitudinal mode of AuNR when the 
electric component of the incident field is parallel to the symmetric axis of the 
complex for the former case. For the latter case, the interaction happens 
between the exciton and the transverse mode of AuNR when the electric 
component of the incident field perpendicular to the AuNR’s long axis and in 
plane with the QD. In addition, the number of QDs per AuNR also plays a 
very important role in the scattering process.  
  Since the interaction between exciton and plasmon is sensitive to the local 
dielectric environment, we develop the PS-AuNP-QDs into a protein sensor. 
The analyte protein can conjugate with the linkers on the PS-AuNP-QDs 
comlex, which changes the local dielectric function and the distance between 
the PS-AuNP and QDs. This change causes the fluorescence enhancement to 
become weaker as the concentration of analye proteins becomes larger. Our 
experimental results indicate that the sensor behaves well in the presence of 
high salt concentration and also has good selectivity in human blood serum. 
The interesting wavelength shift in the detection has great potential application 
in biomolecule detection with low cost.  
  The strong interaction between PS-AuNP and QDs also results in strong 
local field enhancement, making the conjugate an ideal candidate for SERS. In 





 time. In contrast to commonly used SERS substrates in the 
literature, our complex enhances the Raman signal based on single particles 
suspended in solution, providing a promising, easy way for ultrasensitive 
detection. For example, protein’s conformation can be revealed when the 
conjugation takes place between the protein and the linker on the complex. 
Our experiment has successfully observed the conformation of biotin-avidin 
conjugates, which appears comparable with the published results. As such, this 
material has a great potential for use in mechanism studies of the cellular 
uptake process in cancer research.  
  In the future work, the physical model we built for explaining the red-shift 
of the emission wavelength needs further study. A more detailed quantum 
electrodynamics simulation might help to unveil the physics underneath. In 
addition, the potential application of the PS-AuNP-QD in biomolecule 
detection is also worthy more study, especially the SERS property mentioned 
in Chapter 6.  
 
